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Abstract 
This research study characterizes the effects of solidification conditions on the resulting 
microstructure of an AM60B magnesium alloy during the solidification cycle of the casting.  
Seventeen control points are chosen from different sections of an instrument panel beam 
casting and its centerline coordinates are located. These control points locations are then used 
by Meridian Lightweight Technology Inc. to run a simulation in a MAGMASoft casting 
software to obtain temperature-time specific data.   
An exact analytical solution to the Stefan problem is used to compute the one dimensional 
heat transfer for a section of the casting and to calculate its temperature distribution along the 
thickness, during solidification. Next, the cooling rates are calculated with respect to its 
distance from the mold wall of the casting.  
Finally a generalized relationship between the cooling rate and the grain size of different 
casting processes is developed in the form of a mathematical model. This model is used in 
concurrence with the analytical solution to determine the extent of skin thickness formed 
during solidification and the grain size distribution in the section of a high pressure die-cast 
instrument panel beam.    
Keywords 
H.P.D.C, Sand Casting, MAGMASoft, Solidification parameters, Cooling rate, Grain size, 
Skin thickness, G.D∝Rn, One dimensional heat transfer, Stefan problem, grain size 
distribution. 
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1 INTRODUCTION 
Lighter vehicles and fuel efficient cars have been the main topic of discussion in the 
automotive industry lately. In this regard, magnesium alloys have been attracting a lot of 
interest. There are several mechanical, physical and thermal properties that make 
magnesium alloys preferable over others. Its light weight, favorable strength to weight 
ratio, excellent castability and high ductility are a few of the many qualities which make 
magnesium alloys fit for structural applications. These properties of magnesium alloy 
assist in making a vehicle lighter which in turn results in better fuel economy by reducing 
the overall weight of the car without compromising on its strength.  This is the reason 
why magnesium alloys are so important for structural applications in modern vehicles.  
The process parameters in a casting influence the micro-structure of the alloy, and any 
changes in the microstructure will affect its mechanical properties. Hence, it is important 
that we understand the relationships between the process parameters and the 
microstructure of these alloys in order to improve the mechanical properties of the 
casting.   
This research study is a part of a larger project being carried out in order to understand 
the defects in a complex die-cast magnesium alloy AM60B, by studying its process 
parameters. This will help in predicting the local mechanical properties of the casting.  
The project is being conducted with an industrial partner, Meridian Lightweight 
Technologies, Inc., located in Strathroy, Ontario, Canada. The goal of this research, 
reported in this study is to characterize the effects of solidification conditions on the 
resulting grain size distribution in magnesium alloy castings.   
Grain size and its distribution have a direct effect on the yield strength of the casting 
Furthermore the skin thickness permits the setting of a lower bound on the ductility of the 
casting, provided the knowledge of the local pore fraction.  
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The main contributions from this thesis: 
1. Characterized the relation between the grain diameter (G.D) and its cooling rate 
(R) over a wider cooling range of 1°C -220°C. 
2. Implemented an existing solution to the Stefan problem for solidification in a 
finite slab, to enable the calculation of temperature distribution with respect to 
time in a section of the casting.  
3. These two relations were assembled to predict the grain size distribution through 
the thickness of a thin walled casting based on its casting conditions.  .     
The details of this research are described in the following 5 chapters.  
Chapter 2 covers the different types of magnesium alloys and the properties of the 
magnesium alloy AM60B, which was the material of choice for this research. Further in 
this chapter, the process of high pressure die casting (HPDC) is discussed in detail along 
with the solidification parameters like gradient and cooling rate. Next it discusses the 
process structure relationships and the solidification microstructure of AM60B and other 
eutectic alloys. This chapter also introduces the MAGMASoft casting software which 
was used in this study to obtain results in order to establish important relationships. 
Finally, it briefly discusses the work of previous researchers working on similar projects 
under the heading of “Prior Experiments”, having established important relationships 
between the structure-property and the process-structure aspects of magnesium alloys.  
Chapter 3 discusses the various experimental procedures used in this research study. It 
explains how the control point locations were selected in the U152 instrument panel 
beam and the significance of these locations. These control points were then used by 
Meridian Lightweight Technologies Inc., with their predefined thermodynamic 
parameters, to run a MAGMASoft simulation. This chapter also explains the need to use 
a one dimensional heat transfer model and how it could predict the skin thickness and the 
grain size distribution in different sections of the casting. Finally, it provides a layout of 
the problem at hand and discusses a method to calculate the initial condition of the 
solidification problem. It uses an exact analytical solution to the Stefan problem for a two 
phase material in a finite slab by clearly mentioning the boundary conditions involved.  
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Chapter 4 contains an analysis of the experimental and simulated results from Meridian 
and prior researchers to establish a relationship between the cooling rate and its 
corresponding grain diameter. The heat transfer model described in Chapter 3 is used to 
calculate the temperature distribution with respect to time, in a given section of the 
casting. The results obtained from this model are used calculate the grain size distribution 
of 17 unique locations in the casting. These results are compared and discussed with 
respect to the experimental measurements.  
 
Finally, Chapter 5 presents the important conclusions of this research and discusses the 
scope for future work regarding the framework provided in this study.   
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2 LITERATURE RIVIEW 
This chapter introduces the mechanical and physical properties of magnesium and its 
commonly used alloys including a description of the alloy designation system. A section 
is devoted to the magnesium-aluminum-manganese alloy AM60B that is the focus of this 
study.  This is followed by a description of the high-pressure die-casting process and the 
solidification parameters that impact the as-cast microstructure of the casting.  The final 
section of this chapter summarizes the use of the MAGMASoft casting simulation 
software in this research.  
2.1 Magnesium alloys and their properties  
Magnesium has the chemical symbol of Mg and is placed in the group 2 of the 
Mendeleev’s periodic table. Its atomic number is 12 and has an atomic mass of 24.305 
amu. In terms of appearance it presents itself as a silvery white metal. Pure magnesium 
has a density of 1.745 g/cm
3
, which makes it the lightest structural metal. At room 
temperature pure magnesium is resistant to corrosion. This is a result of the formation of 
a protective anodic, water insoluble magnesium hydroxide (Mg(OH)2) layer. This   layer 
needs to be broken down for corrosion to occur. Magnesium occurs in a hexagonal closed 
packed (HCP) lattice structure.   Because of its HCP structure, in its pure form 
magnesium falls short of the desirable ductile properties which occur in other metals [1-
4].  
 
At room temperature, magnesium is weak and lacks the strength that is needed for 
structural applications. For instance, gravity cast magnesium has a tensile strength of 
90MPa and yield strength of 21 MPa. Also, pure magnesium powder is flammable and 
burns with a white bright light at room temperature. It is for that characteristic that 
magnesium found its use in the early photographic applications as the material for 
photographic flash light bulbs [1-4].  
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The poor properties of magnesium mentioned above change drastically with the addition 
of alloying elements like Aluminum, Zinc and other elements. After their additions the 
alloy exhibits excellent properties making it ideal for structural applications, especially 
where the overall strength to weight ratio is of high priority. The details of these alloying 
effects will be elaborated in the next section [1-4].  
2.1.1 Effect of alloying elements on magnesium 
This section describes the effects of the addition of some commonly used alloying 
elements to pure magnesium and how its properties change with the increasing 
percentages of these elements. Although there are other elements which are used as well, 
the most commonly used alloying elements for magnesium are Aluminum and Zinc [2]. 
 
(a) Aluminum: Aluminum is perhaps the most common addition to the magnesium 
alloys as it causes the most favourable effect. Aluminum addition increases the 
strength and hardness of magnesium alloys. Its addition makes it easy to cast the 
alloy as it stretches the overall freezing range of the alloy.  Aluminum addition in 
excess of 6 wt% enhances the heat treatable aspect of the alloy; although an 
addition of 6 wt% or less gives a desirable combination of strength and ductility 
which is required for structural applications [2, 30-33].  
 
(b) Zinc: This element can be called the second most effective alloying addition to 
magnesium after Aluminum. Zinc is usually added in combination with 
aluminium in order to increase the room temperature strength although one should 
be careful not to add zinc in excess of 1 wt% when Al is already present to about 
6-7 wt% in the alloy as this may cause hot shortness. Zinc also improves the 
corrosion resistance of Mg alloys by reducing the harmful effects of impurities 
like iron and nickel which may lead to corrosive wear over time. Zinc can also be 
added in combination with other alloying elements like Zirconium, Thorium and 
rare earth metals which can in turn increase the overall strength of the alloy [2, 
30-33].  
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(c) Manganese: Manganese forms intermetallics with corrosive impurities like iron 
and heavy earth metals which reduces the corroding ability of the alloy in general. 
These intermetallics are separated during the process of melting. Other than this 
property, manganese is not a very useful component to the Mg and its alloy 
family. It is used in Mg alloys where salt water application is needed. Manganese 
has very poor solid solution solubility and when used with aluminium its 
solubility is reduced to 0.3 wt%  
[2, 30-33]. 
(d) Silver: This metal enhances the overall mechanical properties of Mg alloys as it 
increases the age hardenability of the alloy [2]. 
 
(e) Copper: The addition of this element increases the high temperature strength of 
the alloy but needs to be used carefully as any additions of more than 0.05 wt% 
can be detrimental to its corrosion resistance and can instead prove harmful [2].  
 
(f) Zirconium: Zirconium works as a grain refiner. The lattice parameters of α 
zirconium are very similar to that of magnesium and thus zirconium solid 
particles that freeze early during the solidification of the alloy may provide sites 
for heterogeneous nucleation of magnesium grains in the melt [2].  
 
(g) Silicon: Silicon has a very favourable effect when added to the Mg alloys. It 
increases the overall fluidity of the molten metal as well as the creep resistance of 
the alloy by forming Mg2Si particles that stick to the grain boundaries. It also has 
some undesirable qualities, however if used in the presence of iron. In this case, 
Silicon may help reduce the corrosion resistance of the alloy. Its addition can also 
compromise the castability of the alloy and its usage must therefore be monitored 
carefully [2, 30-33].   
 
(h) Rare earth: The addition of these elements considerably improves the strength 
and hardness of the alloy at elevated temperatures by forming various precipitates. 
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It effectively reduces porosity and the weld cracking in castings by narrowing the 
freezing range of the alloy [2, 30-33].   
 
2.2 Designation of magnesium alloys 
There is no global standard for naming of magnesium alloys as such, but he most 
commonly followed standard of designation is that of the ASTM (American Society for 
Testing Materials). Here, the alloy is usually designated by two alphabetical characters 
followed by two numbers, where the characters stand for the two major alloying elements 
in decreasing order of their weight percentages and the numbers show the approximated 
whole number values of their weight percentages in the same order described above.  
For example, AZ91 would mean that the magnesium alloy has additions of Aluminum 
and Zinc with weight percentages of about 9 and 1 respectively. Often times one would 
find another character associated with these alloys situated after the numbers. For 
instance, a die cast AZ91C-F, would mean that it is prepared from the C version of Mg-
9AL-1Zn and is in the as-fabricated state [2].  
Table 2-1 Code letters used for magnesium alloys [2] 
Letter Alloying Elements 
A Aluminum 
C Copper 
E Rare Earth 
H Thorium 
K Zirconium 
L Lithium 
M Manganese 
Q Silver 
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S Silicon 
W Yttrium 
Z Zinc 
 
2.3 Magnesium-Aluminum system of alloys 
The magnesium-aluminum system of alloys is the most common of all the magnesium 
alloys. The maximum solid solubility of aluminum in magnesium is about 12.7 wt% at 
around 437 degrees centigrade. This value reduces to about 2 wt% at room temperature.  
 
 
Figure 2-1 Diagram for the Mg-Al phase system [3] 
 
Aluminum forms an intermetallic β (beta) phase around this temperature and precipitates 
at the grain boundaries. This β phase is Mg17Al12 and is known to be very brittle [3]. The 
amount of this phase present in the grain boundaries is characterized by the percentage of 
aluminum present in the alloy and the rate of cooling.  
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The following figure shows different forms of occurrences of the β phase in a 
magnesium-alloy microstructure.  
 
Figure 2-2 Depicts a micrograph of an Mg-15 wt% Al alloy with fully developed dendrites in a 
permanent mold casting. (A) The dendrites have a six fold symmetric shape, (B) is the secondary 
eutectic phase Mg17Al12 shown as the white phase and (C) the aluminum rich 
 
Although the β phase compromises the ductility of an alloy because of its brittle nature, it 
also adds a considerable amount of strength to the alloys. For instance, AZ91 is a 
magnesium alloy with an aluminum content of about 9 wt%. It has, however the lowest 
elongation value to fracture ratio. This means that it would absorb less energy before 
failure, which is an attribute that needs to be avoided in an alloy. The table below shows 
various alloys with their aluminum content and the ultimate tensile strengths and yield 
strengths values.  
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Table 2-2 Magnesium alloys, their properties and elongation [1, 5] 
2.4 Die Cast magnesium alloys AM60B 
AM60B has a solidus temperature of 565 degrees centigrade and a liquidus temperature 
of 615 degrees which can be estimated from Figure 2.1 by drawing a vertical line at the 6 
wt% Al.  AM60B belongs to that part of the family of magnesium alloys where strength 
and ductility is higher than in the other types of magnesium alloys. This high value of 
ductility is a result of lowering the amount of aluminum in the alloys which limits the 
production of the beta β phase Mg17Al12 which precipitates on the grain boundaries. 
Although this type of alloy is favourable at lower temperatures and finds its application 
mostly in automotive structural parts like seats, wheels and frames, it creeps at 
temperature over 120 – 130 degrees centigrade due to grain boundary sliding. This can be 
attributed of the fact that the β phase Mg17Al12 has a melting point of approximately 460 
degrees centigrade and is relatively soft at room temperatures. This limits the β phase 
Mg17Al12 from acting as an effective pinning agent at the grain boundaries [4].  
This characteristic is reduced by lowering the amount of aluminum content in the casting 
and with the addition of silicon. Silicon addition lowers the creep behaviour of the 
magnesium aluminum alloys especially in the die cast alloys where the rates of cooling 
Die Cast 
Alloy 
% of Aluminum Ultimate tensile 
Strength (MPa) 
Yield Strength 
(at 0.2% offset) 
(MPa) 
Elongation 
to fracture 
(%)  
AZ91 A,B, 
D, F 
8.3-9.7 250 160 3 
AM60 5.5-6.5 225 130 8 
AM50 4.4-5.4 210 125 10 
AS20 1.7-2.5 190 90 12 
Pure Mg 
------------------- 90 21 2-6 
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are very high, by combining with magnesium and forming fine hard particles of Mg2Si at 
the grain boundaries. These hard particles of Mg2Si now act as pinning agents. [4].  
Table 2-3 The chemical composition of AM60B in wt%. [5] 
Alloy Al Mn Zn Si Cu Ni Fe Balance 
AM60B 5.5-6.5 0.24-
0.6 
0.22 
Max 
0.1 
Max 
0.01 
Max 
0.002 
Max 
0.005 
Max 
Mg 
 
AM60B’s mechanical properties are displayed in Table 2.2 in the above section along 
with a comparison with its parent pure magnesium metal.  
The solidification microstructure of AM60B along with the solidification microstructure 
of other magnesium-aluminum alloys will be discussed in detail in section 2.5.3 
2.4.1 High Pressure Die-Casting 
Out of all the modern techniques used to produce magnesium alloys, high pressure die 
casting is very popular. The name “High Pressure” is given in order to distinguish itself 
from other low pressure and gravity types of permanent mold castings [2]. The mold, 
which is held together with a hydraulic force during the die casting process, is filled 
rapidly by forcing the molten metal through a narrow gate. Cold chamber machines are 
used for the production of larger castings, while hot chamber machines are used for most 
of the smaller sized castings as the cycle times are much shorter in the latter. The molten 
metal which is injected through a shot sleeve into the mold can weigh up to 10 Kg and 
the time periods of this process lasts less than 100 ms in the cold chamber machines. The 
pressure values in these processes can reach a maximum level of 150 MPa [4]. During 
this process, the metal solidifies with a high cooling rate ranging from 50°C/s ~ 1000 
°C/s. This results in a fine grained material. Die castings are typically suited for high 
volume production of intricately shaped components such as instrument panel beams, 
steering wheels, transmission housings, door frames and seat frames [2]. Another quality 
of the HPDC which separates it from low pressure castings is that the thickness of the 
walls in these casting designs can be as thin as a fraction of a few millimetres. These 
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structures and shapes can be successfully cast and can add to the overall reduction in 
weight of the component.  
 
 
Figure 2-3 (a) Image of a cold chamber H.P.D.C in production [47], (b) Schematic of a 
cold chamber H.P.D.C. [48] 
 
“Fluidity can be defined as an empirical measure of the distance a liquid metal can ﬂow 
in a speciﬁc channel before being stopped by solidiﬁcation” [34].  
(a) 
(b) 
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The reasons for which high pressure die castings are so favourable for casting magnesium 
alloys are:   
1. The high fluidity characteristic of magnesium casting alloys makes it convenient to 
produce intricate shapes in castings [34]. Thin castings with the thickness of about 
2mm can be cast successfully through this technique.  
2. Contributing to the fact that magnesium has a very low specific heat value, this 
technique allows magnesium castings to cool faster which can result in faster cycle 
periods without compromising the dies. This means that the die wear is less and the 
whole process becomes more efficient [4]. 
3. As most of the dies used are made of steel, in most of the other metal castings the 
iron (Fe) from the dies can become soluble in the metal matrix and this in turn can 
increase the sticking between the die and the casting. Since its solubility value in 
magnesium alloys is very low, the dies last longer and the magnesium alloys are free 
of any further inclusions from the dies and almost no sticking occurs. This makes die 
castings ever more favourable for magnesium alloy castings [4]. 
4. Magnesium has very high machinability values as it can be machined four times 
faster than aluminum along with being two thirds the weight of aluminum.   
 
2.4.2 Solidification Parameters 
Die cast structures have complex shapes and intricate sections. Magnesium alloys are 
suitable for high pressure die castings (HPDC) and the reasons are mentioned in the 
above section. However, even the HPDC structures produces variations in mechanical 
properties throughout the casting. The complex shape of the casting may influence 
parameters like cooling rate (R), Solidification time (t) and thermal gradient (G), 
depending on the thickness of the sections of the castings and how quickly the molten 
metal cools in these areas. Factors like cooling rate, gradient and feeding conditions are 
responsible for the inhomogeneous distribution of properties throughout the length of the 
casting. The following solidification parameters influence the microstructure and hence 
the properties of the material produced via this type of casting technique.  
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2.4.2.1 Cooling Rate: 
The liquid melt in the casting undergoes different forms of cooling. The cooling of the 
molten metal is dependent on the heat transferred to the die through the melt and the 
contact between the casting and the die. The automotive structural parts manufactured 
through the high pressure die casting technique usually possess quite complex geometric 
shapes and designs. Thus the cooling rate varies across the casting based on the 
geometry. For example thicker sections will experience slower cooling rates than the 
thinner sections where the heat extraction is much greater. 
This can also be explained by Chvorinov’s rule. This is an empirical relationship that 
metal casters worldwide have been adapting to since the beginning of the twentieth 
century [35].  
The expression is given by, 
 
2
r
V
t C
A
 
  
 
 
 
Here tr is the solidification time in seconds, C is the constant, V the volume in m
3
 and A 
the cooling surface area in m
2
, in a casting. The ratio of the volume V to the surface area 
A is called the modulus M. Hence, greater the value of the modulus M, the longer it will 
take for the casting to solidify [35, 36].  
Since cooling rate is the ratio of the temperature to the solidification time, smaller 
solidification times will result in large cooling rates. Similarly, longer solidification times 
will result in lower values of cooling rates. Therefore, we can conclude that thicker 
sections in the castings will experience slower cooling rates than the thinner sections.  
  
The microstructure of the casting produced depends on the rate of cooling of that area. 
The grain size, the β phase and the skin grain growth depends on the rate at which a 
section of the casting is cooled. The cooling rate of a liquid metal is highly dependent on 
both the process parameters and the geometry of the component; this observed variation 
in the microstructure is to some extent an inherent property of magnesium die casting 
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alloys in contrast to casting defects such as gas porosity, shrinkage porosity and 
inclusions. Due to this effect, the dependency of the microstructure on cooling rate will 
lead to variations in mechanical properties of die castings with complex geometry. This 
effect can only be controlled by design optimization and modifying process parameters 
[19].   
This solidification parameter, cooling rate, is of great importance to this research study as 
it would help in developing a mathematical model which would be able to predict the 
grain size in a microstructure depending on the cooling rate of the given process and vice 
versa. The methods of calculating the cooling rate is discussed in detail in chapter five 
under the heading of “Results and Discussions”.  
2.4.2.2 Gradient 
Like the cooling rate, thermal gradient is a parameter which changes with the shape and 
geometry of the mold. It is defined as the physical quantity which explains the direction 
in which the rate of change of temperature is the fastest. [6, 20]  
In a high pressure die casting, high values of gradients are noticed towards the walls of 
the mold and thinner sections of the castings whereas, this value is low towards the 
thicker sections [28].    
The feeding mechanism in a region of the casting is strongly influenced by the thermal 
gradient.  During the solidification processes of a high pressure die casting where the 
liquid metal is stationary and is allowed to cool in the absence of a forced metal, feeding 
will primarily occur in the direction of the thermal gradient because the gradient controls 
the local pressure differences in that region and governs the direction of flow of the melt. 
This pressure differential causes the melt to flow in that direction. This is why regions 
with high gradient values witness better feeding conditions as a result of greater feeding 
pressure [28].   
Inter-dendritic feeding, on the other hand depends on the capillary pressure as the flow of 
the melt occurs through the thin channels of dendrites. Due to this effect it is desirable to 
have low gradient values and higher temperatures in the regions where inter-dendritic 
flow is required. Hence, it is safe to say that the thermal gradient parameter is directly 
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responsible for the occurrence of macro and micro porosity in a region of the casting due 
to its influence on the feeding properties. 
2.5 Process – Structure Relationships   
This section covers the various process variables that are involved in high pressure die 
casting and how they influence the microstructures of magnesium alloys. It discusses the 
process and structure interdependence and the solidification microstructures, which 
subsequently changes with these variables. Finally, this section of the chapter talks about 
how the above mentioned topics can influence the mechanical properties of the AM60B 
magnesium alloy used in this study.   
2.5.1 Niyama Criterion  
The Niyama criterion is a frequently used empirical relationship to predict porosity for a 
wide variety of alloys and casting processes. Niyama, Uchida et. al, in 1982 [9] carried 
out their experiments mainly on steel castings but there is no reason why they cannot be 
used for other types of alloys. This criterion helps in predicting the presence of shrinkage 
porosity in the castings via incorporating an easy to use model into the casting simulation 
software. It can be used to predict the shrinkage pores among Al, Ni or Mg alloys. 
Foundry users accomplish this by viewing the Niyama contour plots produced by the 
simulation software and use them identify the regions with shrinkage if the value of 
Niyama falls below a specific threshold value. This location can now be treated by 
improving the gating systems around it and allowing some additional fluid flow in that 
region.  
 
 “Niyama criterion is defined as the local thermal gradient divided by the square root of 
the local cooling rate”. [8] 
                                   2.1 
 
/Ny G R
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Niyama criterion is represented as the above shown equation where G stands for the 
temperature gradient and R is the local cooling rate. Both the values of G and R are 
calculated towards the end of the solidification where solidification shrinkage forms. [7] 
 
Figure 2-4 Schematic illustration of the relationship between shrinkage porosity and the 
Niyama criterion [8] 
Figure 2-4 shows the relationship between shrinkage porosity and the Niyama criterion. 
One can understand form the figure that for large values of Niyama no shrinkage porosity 
is formed. However, this changes when the value falls below the Ny-macro value. It shares 
an inverse relationship and the shrinkage increases as the value of Niyama decreases. The 
reader must always keep in mind that the Niyama criterion only predicts the feeding 
related shrinkage (i.e. shrinkage porosity associated with feeding of a molten metal in the 
various sections of a mold) and fails to predict the occurrence of gas pores or any other 
hot spots formation. [8] 
The reason why a foundry user may find it difficult to work with Niyama criterion to 
evaluate the shrinkage porosity is that there are no such known and validated threshold 
values available for alloys other than steel. Also, the Niyama criterion does not give a 
quantitative answer to how much of the shrinkage pore is present at the region but a 
qualitative estimate from the curves. In other words, the lower the value of Ny, the higher 
will be the shrinkage present. [7] 
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Shrinkage porosity is quite prevalent in magnesium alloys and there have been some 
studies like F. Chiesa, B.Duchesne et. al, [10] where Niyama criterion was found to 
qualitatively relate well with the shrinkage porosity values.  
Carlson, Beckermann at. al, [7] in 2008 came up with a dimensionless model of the 
Niyama criterion in order  to predict the amount of shrinkage porosity in the castings.  
 
        2.2
 
 
This was mainly carried on the steel castings but was compared with other aluminum and 
magnesium alloys of A356 and AZ91D which proves its applicability to castings other 
than steel, unlike the conventionally used Niyama criterion. Later, Carlson et. al, [11] 
further evaluated his theory and reported a general threshold value for the Niyama criteria 
for castings. According to it, any values greater than 2.0 had very low levels of porosity 
and values less than 2.0 had a sudden increase in the microporosity values indicating the 
formation of gas induced shrinkage pores throughout the structure of the casting.  
 
Hence, the following can be said about the findings of Carlson et. al.  
For Ny ≥ 2.0: Decent, almost shrinkage free sound Casting 
For 1.6 ≤ Ny < 2.0: Microporosity in the casting 
For Ny≤1.0: Macroporosity mostly due to inter-connected gas induced shrinkage 
porosity [11] 
2.5.2 Solidification Microstructure 
This section discusses the process of solidification and the different reactions that occur 
during this period. It gives a brief example of the equilibrium and non-equilibrium 
hypoeutectic alloy solidification in order to later explain the solidification process in the 
AM60B magnesium alloys.  
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2.5.2.1 Hypoeutectic alloy solidification 
Hypoeutectic alloys may be defined as the alloys which are formed at a composition 
which is less than that of the eutectic composition. In case of magnesium-aluminum 
system of alloys this composition is approximately 33 wt% Al.  
2.5.2.1.1 Equilibrium Solidification 
Equilibrium cooling can be defined as a very slow form of cooling. In order to achieve 
the equilibrium final structure the cooling rates need to be extremely slow. This means 
that there needs to be enough time given to the magnesium and aluminum particles to 
diffuse and produce the compositions described by the equilibrium phase diagrams [37].   
For example, consider a copper-nickel equilibrium phase diagram at Cu- 40% Ni.  
 
Figure 2-5 Structural changes in the equilibrium solidification of Cu-40% Ni alloy [37] 
In Fig 2-5, at the beginning of freezing, the liquid consists of Cu-40% Ni and the first 
solid ever formed consists of Cu-52% Ni at the liquidus temperature. Nickel atoms must 
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have diffused and concentrated to form the first solid. Next, when the alloy is cooled to a 
temperature of 1250°C, the liquid now contains 32% Ni and the remaining solid must 
contain 45% Ni according to the phase diagram. This must be due to the reason that some 
of the Ni must have diffused from the first solid to form the new second solid phase. 
Hence, the concentration of the first solid is decreased. Because of this effect, now the Cu 
atoms have concentrated by diffusion into the remaining liquid. This process must 
continue according to the equilibrium phase diagram until the solidus temperature is 
reached. At the final point of solidification in the above diagram, the last to freeze liquid 
would contain 28% Ni and would eventually form a solid containing Cu-40% Ni. This 
solid below the solidus temperature must contain a uniform concentration of 40% Ni 
throughout.   
2.5.2.1.2 Non-equilibrium solidification 
The solidification process described in the above section is only true for equilibrium 
cooling and is not the case in most of the practical casting processes as the cooling rates 
are way too high to permit equilibrium cooling.   
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Figure 2-6 The structural changes in a Cu-40% Ni alloy during non-equilibrium cooling 
[37] 
Diffusion occurs fastest in gasses, then liquids and followed by solids. Diffusion is also 
greatly affected by increasing temperature as the temperature increases, so does the 
process of diffusion [37]. 
Figure 2-6 explains the diffusion process in a better way. It shows how diffusion affects 
the solidus temperature curve as the result of rapid cooling.  In fig 2-6, before the 
freezing occurs the liquid has a concentration of Cu-40% Ni throughout. When it is 
cooled to the liquidus temperature, the liquid contains 40% Ni and the first solid to form 
will have a concentration of 52% Ni according to the equilibrium phase diagram. The 
whole picture changes when the liquid is rapidly cooled to a temperature of 1260 °C. 
According to the tie line shown in the diagram, under the conditions of equilibrium, at 
this temperature the liquid should consist of 34% Ni and the second solid which is 
formed should contain 46% Ni. This in actuality never happens under rapid cooling. 
Since we discussed that liquids would diffuse quickly but solids diffuse at a much lower 
rate, here the tie line would only predict the composition of liquid accurately. The first 
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solid that forms still contains 52% Ni but the second solid formed contains 46% Ni. It is 
found that the average composition of the solid on its whole is 51% Ni. This would shift 
the solidus point away from the equilibrium solidus point giving a new non-equilibrium 
solidus point. This phenomenon continues as we continue to rapidly cool the liquid and 
the solidus curve continues to shift away from the original equilibrium position. This new 
curve formed is called the non-equilibrium solidus curve. It is shown in figure 2.7 that 
when we reach 1240°C which was earlier the solidus temperature under equilibrium 
cooling, there is still a significant amount of liquid present which has a composition of 
28% Ni. The liquid wouldn’t freeze until it is cooled to a temperature of 1180°C where 
the non-equilibrium solidus curve crosses with the original composition of 40% Ni. At 
this point, the liquid has a composition of 17% Ni and the last solid to form contains 25% 
Ni and the average composition of the solid becomes 40% Ni. Below this point any 
remaining liquid would completely freeze to give a non-uniform solid composition of 
40% Ni [37].  
This non-equilibrium solidus curve depends heavily on cooling rates of the castings. The 
faster the cooling rates, the greater will be the deviation from its equilibrium position 
[37].  
2.5.2.2 Equilibrium and non-equilibrium cooling of magnesium-
aluminum alloys 
This section of solidification microstructure of die cast AM60B magnesium alloy 
considers two different conditions of equilibrium and non-equilibrium microstructure. 
This chapter emphasizes on the fact that in order to produce optimum quality castings one 
has to study the alloy at the microstructural level.   
The properties of an alloy largely depend on the type of microstructure the alloy 
possesses. The microstructure of an alloy becomes the main factor in alloy performance, 
and it needs to be controlled and studied well in order to obtain improved mechanical and 
physical properties.  
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Figure 2-7 Diagram for the Mg-Al phase system [3] 
There are some unique properties associated with the Mg-Al system of alloys as 
compared to the remaining magnesium alloy family. The eutectic structure indicates non-
equilibrium cooling and the β-phase is a meta-stable phase that can completely dissolve 
with age hardening and solution treatment, resulting in a super saturated solid solution of 
aluminum in magnesium.  
The following section will briefly discuss the factors which influence the nucleation and 
growth of equiaxed dendrites, the eutectic growth and the formation of the precipitation 
phase which marks the end of the solidification process in the cooling of Mg-Al alloys. 
   
2.5.2.2.1 Nucleation and growth of equiaxed dendrites 
The magnesium-aluminum (Mg-Al) phase diagram is shown in the above figure of Fig 2-
7. α-Mg or primary magnesium is a homogeneous solid solution of aluminum in a 
magnesium matrix. As one can see from the figure, a eutectic phase is formed between 
the primary magnesium (α-Mg) and the intermetallic phase (Mg17Al12 or β) at a 
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temperature of 437 ℃ with approximately 33 wt%. The following equation represents the 
eutectic reaction. 
Liquid  α-Mg (solid solution) + Mg17Al12 (Treaction = 437 °C)  
Since most of the commercially used magnesium alloys have an aluminum concentration 
of approximately 9wt%, and then according to the phase diagram in fig 2.8 these alloys 
should have 100% primary magnesium or α-Mg at a temperature of 437 °C. As the phase 
diagram suggests, under equilibrium cooling the Mg17Al12 (β) phase doesn’t occur until 
13wt% Al at 437 °C. This β phase can be seen to appear at concentrations as little as 
2wt% Al under non-equilibrium conditions of rapid cooling. This is true for most of the 
casting operations [3].  
 
Figure 2-8 Illustrates the effect on the microstructures of Mg-Al alloys with increasing Al 
content. [3] 
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Figure 2-8 shows how the microstructure of an Mg-Al alloy changes rapidly with 
increasing Al wt%. Here one can observe that initially cellular equiaxed grains change to 
a dendritic structure as the Al concentration increases from 1 Wt% Al to 9Wt% Al.  
This phenomenon of formation of dendrites marginally increases as the concentration 
changes to 3wt% Al. Here, rosette-like globular equiaxed grains are formed. But when 
looked at the micrograph with 5wt%Al, one observes the development of pools of 
eutectic phases in between the dendritic arms. The dendritic structure further keeps 
growing until 9wt% Al where a fully developed structure is observed with sharp needle 
like dendritic tips [3].     
 
There are several processes known to improve the microstructure of Mg-Al alloys and 
one of the main focuses is on the grain refinement of these microstructures. The grain 
size can have a direct effect on the mechanical properties of the alloy and can be 
controlled as early as the beginning of solidification by nucleating more dendrites. 
Alloying additions can often help in inducing more nucleating sites in the microstructure 
of an alloy [12]. However the addition of any alloying elements do not have any 
significant influence on the morphology of the primary α-Mg phase as the nucleation due 
to alloying elements occurs only after the primary phase has been nucleated [12]. Heat 
treatment methods like rapid cooling or super heating is another way by which the grains 
can be refined but often cause problems because of the need of such high operating 
temperatures. These temperatures would typically be about 150°C to 260°C above the 
liquidus temperature of the alloy at equilibrium [13]. This process is characterized by 
solutionizing or shot period of ageing at the above mentioned temperature and then 
rapidly cooling it to the desired casting temperature. This process involves very high rates 
of cooling as well.  
One of the most successful grain refinement techniques which went unnoticed by the 
industries was called the Elfinal Process. This process involved the addition of ferric 
chloride to magnesium alloys containing aluminum and manganese. The amount of grain 
refinement achieved by this method was comparable to that of the process of super 
heating [13]. The reason for its dismissal by the industries was because of the corrosive 
nature of iron (Fe), which proved harmful to the castings.      
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2.5.2.2.2 Growth of the Eutectic phase 
Understanding the phenomenon of eutectic growth is of great importance in 
commercially die cast magnesium alloys. It can now be said that the effect of cooling rate 
on the formation of eutectic phase is significant. Thus the cooling rates in die castings is 
enough to cause the occurrence of the eutectic phase in alloys containing Al as low as 
2wt%. This solidification process involving the growth of the eutectic phase controls the 
size, shape and distribution of the more brittle natured Mg17Al12 phase, which in turn 
amounts to the overall ductility and the creep strength of the alloy [4, 14, and 15].  The 
eutectic growth also affects the inter-dendritic feeding at different sections of the castings 
as this is considered as one of the last stages of the solidification process. Knowledge of 
feeding helps control the formation of porosity in these castings.  
Most of the magnesium alloys cast in the hypo-eutectic section of the phase diagram, 
meaning having an Al content less than or equal to 33 wt% present various morphologies 
depending on the different compositions and the cooling rates [17, 18]. The following 
explanation will help us understand the morphology of hypoeutectic compositions better. 
Magnesium alloys having a composition nearing the 33wt% Al represent a regular 
lamellar or fibrous eutectic structure [16], whereas common commercial alloys 
containing less than 10wt% Al will illustrate eutectic morphologies of two different types 
namely, fully divorced eutectic and partially divorced eutectic.  The figure below exhibits 
both the microstructures typical of a hypo-eutectic Mg-Al alloy [3].  
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Figure 2-9 Shows two images of hypoeutectic Mg-Al alloy. (a) Fully divorced and (b) 
partially divorced eutectic morphologies in [3] 
In Figure 2-9(a) the two phases are completely alienated and every inter-dendritic region 
comprises of β - Mg17Al12 encapsulated by the α-Mg phase, which was the first ever 
phase to be formed. This is known as the fully divorced eutectic behavior. Figure (b), on 
the other hand shows a different kind of behavior. Here the figure shows portions of α-
Mg phase residing inside the β - Mg17Al12 phase but at the same time the majority of the 
primary α-Mg phase still surrounding the Mg17Al12 phase in this microstructure. The 
fraction of α-Mg present inside the Mg17Al12 is still very less compared to the amount 
calculated from the equilibrium phase diagram.  This behavior is called the partially 
divorced eutectic. 
Figure 2-10 below depicts the influence of aluminum content, zinc content and the 
cooling rates on the eutectic morphologies of Mg-alloys [17]. This figure pictorially 
explains how the eutectic phase is affected by these variables. Nave et. al, explained in 
detail the different reasons why these factors may affect the morphology of the eutectic 
phase [17] and has not been discussed in detail here as it is outside the scope of this 
research study.  
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Figure 2-10 The influence of Aluminum content, Zinc content and cooling rate on the 
eutectic morphology of cast hypo-eutectic Mg-Al alloys [3] 
2.5.2.2.3 Precipitation reaction of Mg-Al alloys 
Eutectic solidification is considered as the last process in the solidification cycle. 
Although this may be true of die cast alloys but there exists another reaction among the 
slower cooling processes like sand casting. This reaction finally concludes the 
solidification process and is known as the precipitation reaction.  
There are two ways under which the precipitation reaction occurs. They are called 
continuous precipitation and dis-continuous precipitation respectively. The one reaction 
through which most of the alloys precipitates is the discontinuous precipitation process.   
 
The Figure 2-11exhibits the two precipitation processes.  
Discontinuous precipitation is characterized by the nucleation of lamellar Mg17Al12 phase 
into the α-Mg phase. This mainly occurs in α-Mg phase but near the Mg17Al12 phase 
tending to the fact that aluminum content in this region is relatively high, approximately 
10-13 wt% Al compared to the center of the dendritic structure where the Al content may 
be as low as 2 wt% [3].  
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Figure 2-11Two types of precipitation reactions in AZ91E sand cast alloy (a) Continuous 
and (b) Discontinuous [3]. 
As mentioned earlier in this section, the precipitation reaction is not of great significance 
to processes like die castings as the eutectic growth is considered to be the last of the 
solidification reactions. It is although important to comprehend how the solidification 
process would continue in castings with lower cooling rates like the gravity sand castings 
as some of the data used in this research study is taken from the sand-step plate castings. 
   
2.5.2.2.4 Skin and core thickness in the microstructure of high-
pressure-die-cast magnesium alloys           
The high-pressure-die-cast magnesium alloy microstructure comprises of a skin and a 
core region. There are many characteristics that differentiate these regions. A typical 
characteristic of the skin region is that of having a fine grained micro-structure. This area 
of the microstructure is free of defects such as porosity and dendrites. Hence this region 
possesses very good mechanical properties.  
The core region on the other hand possesses a coarser grained microstructure, large α-Mg 
dendrites and defects such as aluminum segregation and porosity. This was observed in a 
‘band’ at the outer contour of the die casting by Dahle and Sannes [25]. During the 
process of die casting, large α-Mg dendrites are formed which are very low in aluminum 
content. Once these pre-solidified grains are formed, the rest of the liquid becomes very 
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high in aluminum content. This large amount of the remaining aluminum in the melt 
solidifies in the grain boundaries of the skin region in the form of a β-phase Mg17Al12 
[26]. This is the reason why the skin regions of magnesium die-castings experience very 
high aluminum contents.   
Hence a typical microstructure of a magnesium die-cast alloy would depict both the 
above mentioned skin and core regions. However, the depth to which the skin region 
grows is of great importance. The wider the skin region, one can expect the section of the 
casting to more likely be free of defects. Finally, it is important to note that the skin 
thickness depths will vary in different sections of the casting due to the different local 
solidification conditions [27]. 
 
2.6 MAGMASoft Simulation Software 
MAGMASoft is solidification simulation software which is widely used in the casting 
industry. MAGMASoft is capable of simulating the die cast operation with respect to the 
mould pressure, molten metal velocity and molten metal temperature [5]. MAGMASoft 
incorporates a finite difference method to solve for the heat and mass transfer by using a 
rectangular grid [22]. By using this software, the casters and designers can simulate the 
molten metal flow and the solidification of the melt in the permanent molds of the 
casting. This process also provides useful information about the filling pattern [21].  
MAGMASoft is also capable of generating results regarding different casting features 
such as, the runner and gate effectiveness, premature solidification, Velocity profiling 
and gas entrapment to an acceptable level of accuracy [21].  These are the reasons why 
MAGMASoft is adopted by many casting industries. Hence, it is a very useful tool for 
the detection and prevention of defects in a casting. A casting designer can now modify 
the size and other process parameters in various sections in the casting to obtain desired 
simulation results and reach optimum performance outputs. These changes and design 
optimization steps can be taken before the actual production run, and save the company 
money, material and time. 
Even though MAGMASoft appears to be appealing in so many different ways, it has 
some limitations or shortcomings that one needs to be aware of. One of these limitations 
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is that, MAGMASoft decouples the filling and the solidification cycles. This means that, 
MAGMASoft assumes that during a casting process, solidification only begins after the 
mold is completely filled. Thus, the freezing of the melt doesn’t occur until the fluid flow 
completely stops. Thus, the filling cycle accounts for no fluid flow solidification and 
solidification only begins when the molten metal is in stationary state.   
In actuality, freezing of the melt begins as soon as the molten liquid comes in contact 
with the comparatively cooler mold walls of the casting. This layer of metal cools and 
forms on the walls of the castings and often breaks lose into the larger melt as inclusions 
due to the high velocities and pressures involved with the molten metal flow in a H.P.D.C 
[38].  
Another limitation of MAGMASoft is that it does not account for a turbulent flow in the 
casting. Typically, in a H.P.D.C, a shot sleeve forces the molten metal into the casting 
cavity and the velocity with which the molten metal enters the mold is extremely high. 
Under these conditions, the fluid will have a non-laminar or turbulent flow. MAGMASoft 
assumes a laminar flow for its simulations [38].  
Although there are other casting simulation software packages available to its users, 
MAGMASoft is used by Meridian Lightweight Technologies Inc., the industrial partner 
of this research project. Hence, Meridian Lightweight Technologies Inc., located in 
Strathroy, Ontario uses this software for producing their instrument panel beams and 
were the provider of the base material used in this research study. Meridian, have 
optimized their design over the years through several test runs and have estimated the 
various thermodynamic variables that they use in their simulations. Although, the 
MAGMASoft simulation run results were only obtained from Meridian and not 
performed individually, it is vital to know the key features offered by this simulation 
software as its data was used for drawing important conclusions in this research study.   
 
2.7 Prior Experiments 
This section summarizes the work done by previous researchers on similar projects as 
part of the process-structure relationships of magnesium alloys. It provides an insight on 
the different types of casting techniques used and the microstructural characterization of 
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the instrument panel beam (U-152), provided by Meridian Technologies Inc., Strathroy, 
Ontario. The data and relationships derived from their work were used in this research to 
draw important conclusions and to formulate mathematical models.  
 
2.7.1 Gravity Sand Casting 
Magnesium alloys can also be cast by sand casting and gravity casting. The reason for 
this method being discussed in this section is because the grain size data of sand and 
gravity casting techniques were used to establish the relationship between the cooling rate 
and the grain diameter in this research study.   
 
The way the metal is poured in this method raises doubts about the quality of the castings 
produced. This is because the turbulent flows of the melt can induce oxides and dross, 
and contribute to magnesium’s reactive nature [4]. This problem has been solved, in 
recent years, by introducing the molten metal flow from the base or the bottom of the 
mould cavity. This facilitates a unidirectional filling of the mould. This problem can also 
be rectified by the application of pressure to improve its fluid flow. A typical example of 
a produce via this process is the casting of automotive wheel using a bottom mould filling 
technique [28].  
 
I.Basu [27], in his research study used the magnesium alloy of AM60B having a design 
of step shaped plate casting, with step heights of 4, 8 and 12 mm respectively.  
Directional solidification was promoted by using a copper chill at the thinnest end (4mm 
height). The mould was finally coated with a layer of MgO powder spray to prevent it 
from reacting with the surroundings and to ensure the formation of a smooth layer [28].  
   
For the alloy of AM60B, 3 or 7 K type thermocouples were installed in the pattern or 
sand mould to record the cooling rates and the solidification times.  
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Figure 2-0-12 Illustration of the sand cast sample for the alloy of AM60B with the 
four regions of different heights at 4, 8 and 12mm [6] 
This casting process was carried out in room temperature conditions and after the cooling 
process, 13 rectangular samples were cut out along its length (12mmX12mmX3mm). 
These were then subjected to microstructural analysis and the image analysis software 
was used for calculating the grain diameters at those locations [6]. 
It is important to note that the mathematical models developed by I. Basu with regards to 
the grain diameter G.D and the cooling rate R, were not used in this research study 
because I. Basu was limited to a very small range of cooling rate values ranging from ~1 
°C/s to 15 °C/s. These values were considered to fit the curve of a larger range of cooling 
rates from ~1 °C/s to 222 °C/s and will be discussed later in detail in chapter 4. The data 
used from the findings of I. Basu, is shown in the Table 2-4 and in figures 2-13 to 2-15 
respectively. 
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Table 2-4 Grain diameter (G.D) in micro meters, gradient (G) in °C/mm and cooling 
rate (R) in °C/s values at the specified distances from the tip of the casting [6 and 27] 
 
Location from the 
tip in mm 
Grain Diameter 
(µm) 
Cooling Rate – R 
(°C/s) 
30 19 15 
70 27 7 
110 36 6 
150 39 5 
190 42 3 
230 63.5 1 
270 75 1 
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Figure 2-13 Relationship between cooling rate and the distance from the tip of the step 
plate sand casting [6] 
 
 
Figure 0-2-14 Relationship between cooling rate R and the thermal gradient G at the 6 
locations in the step plate sand casting [6] 
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Figure 2-15 Relationship between the grain diameter G.D and the cooling rate R at the 6 
locations in the step plate sand casting [6 and 27] 
 
2.7.2 Microstructural characterization of AM60B magnesium high-
pressure-die-casting 
 
As discussed above, these prior experiments were part of a larger project that focussed on 
techniques of casting magnesium alloys and studying their Process-Structure and 
Structure-Property relationships. This goal was divided into the following main parts; 
1. Mapping of the mechanical properties of a large magnesium die-casting. 
2. Characterizing the local microstructures of the die-casting and correlating these 
microstructures to the corresponding local mechanical properties.  
3. Predicting the mechanical properties and microstructures of the die-cast 
component based on computer simulation of the die casting process.  
D. Yin, in 2004, [19] characterized macro and micro-structural features in a large 
magnesium casting and correlated them with corresponding mechanical properties. It was 
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found that the most frequent defects in the casting were micro-porosity, shrinkage 
porosity, gas porosity and surface defects. Microporosity was very small and uniformly 
distributed over the casting. The locations with last to solidify regions developed 
shrinkage porosity. Locations with last to fill regions, and locations with knit lines had 
accumulated gas pores. Knit line regions possessed surface defects and were attributed to 
the remaining oxide layer of liquid metal front during injection. It was finally concluded 
from the study that cooling rate has a close relationship with grain size, precipitation of β-
Mg17Al12 phase and shrinkage porosity formation. It was also determined that the cooling 
rate during solidification is one of the key factors to model mechanical properties of di-
castings.   
J.P. Weiler, in 2005, [6] correlated observed mechanical properties in a parallel study 
with microstructural features throughout the different regions of a die cast magnesium 
alloy of AM60B. These correlations were used to predict mechanical properties from 
observed features in the die-casting. This was achieved through two different methods 
namely, spherical indentation testing and X-ray tomography. The data used from J.P. 
Weiler in this paper, is presented in chapter three under experimental procedures.  
J.P. Weiler, in 2009, [29] worked on the same project and published findings with a goal 
to accurately predict the local mechanical properties in the same instrument panel beam 
of the AM60B magnesium alloy die-cast component.  It was carried out in two parts with 
the above mentioned goal in mind. They were, 1) to develop correlations between the 
local mechanical properties and local microstructural features using experimental, 
analytical and numerical techniques, and 2) to develop expressions that are able to predict 
local mechanical properties from local microstructural features in the die-cast component 
using these correlations. These expressions were used and compared in this research 
study to compare and develop important mathematical models. Skin thickness analysis 
was completed in the various regions of the casting. Thus a consistent skin thickness was 
calculated. The skin grain size was measured using four different mechanical and 
microstructural methods, which were, 1) Micro-indentation hardness, 2) grain size 
measurement, 3) Eutectic measurement and 4) the onset of dendrites. The details of these 
techniques can be referred to in the publication mentioned, [29]. The data and relations 
38 
 
regarding the skin thickness grain size values found in this publication were used and are 
vital for the purpose of this research study.  
The graphs and images published by J.P. Weiler which are used in this research study are 
shown in Table 3.1 - 3.2 and Fig 3.12-3.18.  
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3 Modeling Techniques  
This chapter describes the various experimental procedures used in this research study.  
MAGMASoft simulation software was used to obtain the time dependent temperature 
profiles along the centerline, in the different locations selected from the U152 instrument 
panel beam. The locations of the control points used by Meridian were chosen and the 
reasons were explained. The MAGMASoft simulation was performed by Meridian 
Lightweight Technologies Inc., and the simulation data was gathered with compliance 
with them. The details of the simulation were not shared by Meridian Lightweight 
Technologies Inc., due to copyright laws. But, we trust Meridian Lightweight 
Technologies Inc., with the way these simulations were run. Meridian Lightweight 
Technologies have been one of the largest manufacturers of magnesium alloys for over a 
decade and have been a part of this larger Magnesium research project for over thirteen 
years now. Previous researchers working in this project had entrusted them for the same 
reason and used the instrument panel beam samples provided by Meridian for various 
microstructural evaluations and mechanical testing. Samples used to obtain the 
experimental results used in this study from prior researchers for the calculation of the 
grain size were provided by the same.  
 
This chapter also discusses a heat transfer model which was used in this study. The 
problem is formulated and the various assumptions are discussed. The challenge was to 
find an exact analytical solution to the problem in hand. It also discusses in detail, the 
method of calculating the constant surface temperature T0, given by an analytical solution 
provided by J.H.Weiner [43]. 
 
3.1.1 Material  
Meridian Lightweight Technologies Inc., located in Strathroy, Ontario provided the base 
material which was used in this study. The base material was supplied in the form of fifty 
sequentially cast instrument panels made from die-cast magnesium alloy AM60B. Each 
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cast component occupied a volume of 1.5m long, 0.4m wide and 0.3m in height.  This is 
shown in the figure 3.1 below. 
 
 
Figure 3-1 Shows the two different views of the instrument panel component used in this 
project. Fig (a) shows the underside and Fig (b) shows the top view 
3.1.2 Specimen Mapping 
The intricate shape and complex geometry of the die cast instrument panel beam 
demanded a need for cutting several tensile coupons from various locations to accurately 
map the local mechanical properties. Researchers who have worked on this project prior 
to this study divided the surface of the instrument panel into fifty-seven locations. A 
more detailed description can be found in the Ref. [5]. The first twenty seven of the fifty 
seven components were subjected to tensile tests while the remaining twenty were 
subjected to the bending tests.  
 
3.1.3 Specimen Characterization 
Fluid flow simulations were performed for the solidification cycle of the die-cast 
instrument panel to characterize the cooling rates of each location. The simulations were 
performed by Meridian technologies Inc. using a commercially available software 
package called MAGMASoft.  
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These simulations were used to characterize the locations mapped on the surface of the 
cast component. Seventeen locations were selected and characterized as Knit lines 
regions, last to fill regions and last to solidify regions.  
 
Knit line regions are the regions where the flows coming from the intricate sections of 
two or more molten metal flows meet each other in the casting. In larger castings with 
very thin walls and multiple gating systems, these areas are very hard to avoid. The 
reason this region is so important for study is because this is usually the area where 
porosity due to entrapped gasses occur. The various knit lines are shown in the casting in 
the Figure 3.2 below. 
 
 
Figure 3-2 Displaying four out of the various knit lines in the instrument panel beam 
casting [Meridian] 
Last to fill regions are typically the ones in the casting which are the last to receive any 
molten metal flow in that region because they are usually the furthest away from an 
ingate. This makes the region susceptible to gas entrapment as well and hence they have 
higher chances of developing porosity [6]. 
 
Close to ingate regions are found near the areas of the entrance of the molten metal in the 
casting. These regions are said to have higher defect densities [23]. 
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Last to solidify regions are characterized as the areas with the thickest sections in the 
casting. These regions experience slower cooling rates compared to the rest of the casting 
due to poor heat extraction from a larger surface area, and thus develop larger grain sizes. 
These areas also show greater propensity for shrinkage porosity due to the lack of enough 
molten metal feed during solidification [5, 6].  The last to solidify regions are shown in 
the Figure 3-3 below.  
 
 
 
Figure 3-3 Displays the two last to solidify regions in the casting in this view 
[MAGMASoft simulation software 4.4] [Meridian] 
 
3.1.4 Control point selection 
Seventeen specific control points corresponding to its location in the casting were 
selected. A full description of the reasons behind their selection is described later in this 
chapter. A three dimensional model of the instrument panel beam currently used in 
Meridian Lightweight Technologies Inc., Strathroy, for their MAGMASoft simulations 
was imported and the coordinates for these locations were selected at the centerline of the 
casting by using NX6 or Unigraphics software. The coordinates for these nineteen 
locations are given in a table under appendix A.  
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The following Figure 3-4 shows an image of how the instrument panel beam would look 
like with the selection of the seventeen control points out of the 56 locations in the 
casting. This figure only shows 26 out of the 56 locations in the casting as the remaining 
locations are not visible in this view. 
 
 
Figure 3-4 Twenty six control point locations of the MAGMASoft instrument panel 
beam simulation 
The results obtained from the MAGMASoft simulation run were in the form of 
temperature-time data starting form 0 seconds to the point in time when the simulation 
was complete. Filling temperature cycle, filling velocity cycle, filling pressure cycle, 
solidification temperature cycle, cooling rates, flow length, filling time, gradient, Liquid 
to solid, material age and solidification time data curves were some of the important 
outputs obtained from Meridian Lightweight Technologies Inc.  
 
Next, the selection of the control points for this simulation was done by keeping the 
critical geographical locations in mind. Also, a macroscopic analysis of the casting was 
done along the Knit lines, last to fill, last to solidify regions in the casting, corners having 
good heat extraction, areas close to Ingate and areas in the regular cross section of the 
casting. 
The figures below depict all the 57 locations which were initially chosen by researchers 
prior to this study in order to cut coupons and to perform various mechanical tests on 
them [5, 19, and 26]. Out of these 57 locations, 17 points were chosen based on the 
reasons mentioned above. 
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3.1.4.1 Locations selected 
Based on the information obtained from previous researchers in the form of different data 
tables and charts, discussed in Section 2.7 and Section 3.1.4.2, the following are the 17 
Locations selected, whose coordinates were chosen in the center of casting. They are 7, 8, 
9, 10, 11, 20, 28, 30, 35, 42, 43, 47, 48, 50, 51, 53 and 56. All of the above mentioned 
positions along with the other remaining locations which were not selected for this study 
are shown below in Figures 3-5 to 3-12. These positions were used as the control points 
by Meridian to run the simulations using MAGMASoft as mentioned in the sections 
above.  
 
The following figures show the various locations in the instrument panel beam casting.  
 
 
Figure 3-5 This picture shows locations 1-7, 43, 52-54. Locations 3 and 54 are knit line 
locations and location 43 is a last to fill location 
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Figure 3-6 This picture shows locations 11, 35, 36, 49 and 50. Location 50 is a knit line 
location and locations 35 and 36 are locations used in another study 
 
 
 
Figure 3-7 This picture shows locations 8, 9, 55 and 56. Location 8 is a last to fill 
location and location 9 was used in a fatigue property study. Locations 56 and 57 are 
close to ingate locations 
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Figure 3-8 This picture shows locations 10 and 29-31. Location 10 is a last to fill 
location 
 
 
 
Figure 3-9 This picture shows locations 12, 24-26, 32-34, 37 and 49. Location 12 and 24 
are knit line locations. Location 48 is a last to fill location. 32-34, 37 38 are locations 
used in another study 
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Figure 3-10 This picture shows locations 15-21, 28 and 39. Locations 15-19 and 28 are 
close to ingate locations. Locations 18 and 19 were used in a fatigue property study. 
Location 39 is used in another study 
 
 
 
 
Figure 3-11 This picture shows location 27. Location 27 was used in a fatigue property 
study 
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Figure 3-12 This picture shows locations 13, 14, 22, 23, 40-42, 44-47, 51 and 57. 
Locations 44-47 are last to solidify locations. Location 57 is a last to fill location. 
Locations 40-42 and 51 are locations used in another study 
 
3.1.4.2 Reasons for the selection of the control points 
The reasons for the selection of these control points are mentioned below. They are not in 
the increasing order of their numbers but in the order of their appearance in the 
instrument panel beam alongside each other.  
Location 43 is a last to solidify position and exhibits high levels of porosity because of 
the possibility of a knit line nearby. Location 53 was chosen from a group of locations 52, 
53, 54 as they all show similar porosity values ranging from 2 to 2.3%. Hence location 53 
was chosen as it is located centrally between the two.  
Location 11 was randomly selected because of its position in the casting. It did not show 
any special solidification conditions. Locations 35 and 36 were again very similar, and 
from the grain size plots it can be inferred that they do not show much of a variation. 
Here, the importance was stressed on its geometric position and Location 35 was chosen 
among the two. Location 50, is located in a knit line region and a tomographic image [6] 
showed that the area of the pores were very large. 
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Locations 8 & 9 were close to the ingate with 8 being right on the feeding end and 9 
slightly toward the left of the ingate. Location 9 interestingly shows a very high value of 
ductility. Locations 55 and 56 both exhibit large grain sizes and low porosity values 
which can be seen in the following figures. Hence Location 56 was chosen as it had a 
slightly higher grain size than location 55, and was situated close to an ingate. 
Locations 10, 29, 30 and 31 all show uniform properties like less percentage porosity and 
mean value of the average core grain size values when compared to the rest of the 
casting. Due to its location, they show good properties. They are also among the last to 
solidify in this cross section of the casting. Thus, Locations 10, 20 and 30 were selected 
just because of its geometric positioning in the casting. Location 12 is a knit line and 
Location 25 is also close to knit line. Both show porosity values higher than the mean 
value throughout the casting.  
Location 48 shows one of the highest porosity values and Location 38 has a very coarse 
grain size compared to its nearby sections e.g. location 37. Locations 44-47 are last to 
solidify positions in the whole casting. Points 44 & 45 are also the thickest sections of the 
casting. Point 47 shows an unusual stress strain peak when compared to 46, meaning its 
values are higher in both strength and ductility.   
 
Figure 3-13 shows the variation in grain size of these sections across the castings. Figure 
3-14 shows the variation in stress strain value of these 57 sections across the castings and 
Figure 3-15 to 3-19 shows the different porosity levels at different sections in the casting, 
in the 50 Instrument Panel beams that were tested. 
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Figure 3-13 Variation in grain size measured at 57 unique locations on the instrument 
panel casting [5] 
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Figure 3-14 Comparison of Stress-Strain variance from Location to Location [5] 
 
  
Figure 3-15 Porosity volumes in location 43 and 53 that were obtained after testing as 
many as 49 samples [5] 
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Figure 3-16 Porosity volumes in location 50 that were obtained after testing as many as 
49 samples and an X ray tomography image of the sample presented in 3D to show that 
volume of the pore formed at that location [5, 6] 
 
   
Figure 3-17 Porosity volumes in location 56 and 8 that were obtained after testing as 
many as 49 samples [5] 
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Figure 3-18 Porosity volumes in location 12 and 25 that were obtained after testing 
as many as 48-50 samples [5] 
 
Figure 3-19 Porosity volumes in location 48 that were obtained after testing as many as 
48 samples [5] 
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Table 3-1 Data obtained for the sample positions across the casting with their average 
core and skin grain size values in micro meters (µm). [6] 
Locations 
Avg. Core Grain size 
(µm) Skin A Skin B 
Ave. Skin Grain size 
(µm) 
1 13.59 7.98 6.89 7.44 
2 15.52 5.95 6.84 6.40 
3 14.16 7.64 7.32 7.48 
4 13.98 6.11 5.86 5.98 
5 14.08 6.36 6.42 6.39 
6 13.94 5.82 6.00 5.91 
7 13.07 4.30 4.81 4.55 
8 13.31 5.12 5.30 5.21 
10 14.97 5.39 6.09 5.74 
11 13.42 6.12 5.54 5.83 
12 12.69 6.76 7.17 6.97 
13 12.28 6.20 9.04 7.62 
14 13.23 5.90 7.39 6.64 
15 12.62 6.86 6.42 6.64 
16 14.44 5.91 6.81 6.36 
17 14.91 6.40 8.03 7.21 
20 13.30 6.05 6.42 6.24 
21 13.51 5.63 5.89 5.76 
22 13.90 6.52 6.62 6.57 
23 13.82 6.36 7.39 6.88 
24 14.20 8.94 9.31 9.12 
25 14.64 6.64 7.94 7.29 
26 15.44 7.64 7.36 7.50 
27 13.19 7.42 5.73 6.57 
28 14.29 4.58 7.14 5.86 
30 13.34 5.27 9.22 7.24 
31 12.81 7.41 4.56 5.99 
32 12.26 4.32 5.09 4.71 
33 13.76 5.78 8.01 6.90 
34 14.94 5.23 5.57 5.40 
35 12.60 4.53 4.70 4.61 
36 13.63 4.49 4.97 4.73 
37 14.55 5.57 6.41 5.99 
38 14.37 5.34 4.88 5.11 
39 14.04 5.33 5.82 5.58 
40 13.60 7.24 5.95 6.60 
41 15.59 6.86 8.34 7.60 
42 14.34 5.21 6.50 5.85 
43 13.40 6.33 7.82 7.07 
44 14.39 5.57 8.68 7.12 
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45 16.45 6.26 5.77 6.02 
46 11.34 5.79 6.93 6.36 
47 15.79 8.26 7.17 7.71 
48 12.61 7.50 7.64 7.57 
49 13.57 7.29 8.87 8.08 
50 13.06 7.84 7.31 7.58 
51 13.84 5.72 6.34 6.03 
52 13.93 4.59 5.97 5.28 
53 13.41 3.85 4.48 4.16 
54 13.78 5.87 11.01 8.44 
55 15.60 7.91 7.07 7.49 
56 14.58 5.67 6.82 6.25 
57 13.66 6.94 7.84 7.39 
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3.2 Heat Transfer model  
This section will provide solutions to achieve the final goal of this research which is to 
find the skin thickness and the grain size distribution along the thickness of the various 
sections in the U152 instrument panel beam casting. Here, the theory behind the 
solidification of magnesium alloys in high pressure die castings is discussed. An 
introduction to the origin of this problem, when it was formulated and the significance of 
its use in the casting of the U152 instrument panel beam is stated.  
 
3.2.1 The Classical Stefan Problem:  
The “Stefan Problem” describes problems involving phase changes. For example, from a 
liquid phase to solid phase, or vice versa. The case of formation of ice on the surface of a 
lake and the thickness of the ice can be predicted using the solution to the classical Stefan 
problem. Under these conditions the freezing boundary is not stationary, hence, it is also 
known as the “Moving boundary problem”. Many engineering and mathematical physics 
problems have shown a great deal of resemblance to the Stefan problem. However, the 
solutions to these specific issues have to be modified and need not possess the classical 
derivatives. These solutions are called the weak solutions to the Stefan problem. If 
suitable assumptions are made, these solutions, although weak, may appear as effective 
as a classical solution [41].  
The original Stefan problem predicted the heat transfer profiles in semi-infinite bodies 
like that of lakes, the temperature of the earth’s sub-surfaces, solidification of molten 
magma etc. For most of the engineering applications these conditions have to be trimmed 
down to finite bodies. Applied mathematicians have worked out and provided solutions 
to the Stefan problem for various shapes and sizes in rectangular, spherical and 
cylindrical coordinates.  
Figure 3-20 shows the Stefan problem for a semi-infinite medium. The interface S(t) 
moves with respect to time as solidification proceeds. T0 is the constant surface 
temperature which can be calculated by using an energy balance at the mold-metal 
interface. This is explained in detail in the later sections of this chapter. Ts(x, t) is the 
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temperature of the solid phase with respect to space and time, and TL(x,t) is the 
temperature of the liquid phase with respect to space and time.  
The temperatures TS(x, t) and TL(x, t) are represented by the standard diffusion equations 
given by; 
2
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As discussed earlier the sharp interface S(t) traverses along the thickness of the casting 
with time and evolves latent heat on its way. Under the classical Stefan problem, the 
boundary conditions at this interface are set for the solid and the liquid region in the 
casting. Thus according to the Stefan problem formulation, the continuity of temperature 
at the solid liquid interface is given by; 
Ts(x, t) = TL(x, t) = Tm at x = S(t) 
And the interface energy balance is given as; 
( , ) ( , ) ( )s i L i
S L f
T x t T x t dS t
k k L
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
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 
 at x = S(t), t>0 
  
Where S(t) is the interface location in m,  is the thermal diffusivity of the solid and the 
liquid phase in m
2/s, ρ is the density in Kg/m3, c is the specific heat in J/KgK and the 
subscript S and L stand for solid and liquid phase, respectively.  
Solving for the above heat equations and satisfying the required boundary conditions the 
phase change temperature distribution with time can be calculated for a semi-infinite 
body.  
As it can be seen, the solidification process ends at an infinite distance as x∞. This 
condition is changed for a finite slab where solidification would be complete at x=L.  
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In this chapter, an exact analytical solution will be used to solve for the solidification of 
the liquid magnesium alloy in a finite slab to predict the temperature-time distribution 
through the thickness of the casting. The temperature distribution in the solid phase and 
the liquid phase in Figure 3-20 represents transient conduction with latent heat evolution. 
These temperature profiles in actuality are a conglomeration connected of finite no: of 
straight lines which appear like curved lines instead of straight lines unlike in the case of 
a normal transient conduction. 
 
Figure 3-20 Stefan problem to a semi-infinite medium [43]. 
 
3.2.2 One dimensional analytical solution for the solidification of 
liquid metal in a finite slab: 
Since the U152 instrument panel beam was cast by the high pressure die casting 
technique, the rates of cooling are expected to be very high. As seen in Chapter 3, the 
U152 casting has a very complex geometry but most of the sections in the casting are thin 
walled. Typically, the thickest sections in the casting are about five to six millimeters in 
dimension. Also, the mold cavity is surrounded by large water cooled steel mold walls 
resulting in very high rates of heat extractions.  
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Figure 3-21 depicts the heat extraction in a thin walled casting similar to the solidification 
of the sections in a U152 instrument panel beam. Here the solidification front S (t), 
shown in fig 3-21, is a function of time and moves from the mold wall to the center of the 
casting as the liquid begins to cool. Furthermore, since the liquid is assumed to be at rest, 
this could be treated as a purely transient conduction problem with no convection. In 
other words, the heat transfer from the liquid (hot medium) towards the mold walls (cold 
medium) is influenced mainly in one dimension. Therefore, under these circumstances it 
is reasonable to assume that the direction of heat transfer here is primarily of a one 
dimensional kind. Thus, a modified analytical solution to the Stefan problem for a finite 
slab with one dimensional heat conduction has to be used to address the problem at hand. 
The only exception to this assumption is in the case of a location in the U152 casting 
which may be situated at a corner, where an additional mold wall may be present to cause 
a two dimensional heat extraction.  
 
Figure 3-21 Solidification of a finite slab in a mold cavity showing a one dimensional 
heat transfer. 
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3.2.2.1 The real problem of solidification in an alloy: 
The purpose of this section is to provide an overview of the real process of solidification 
of an alloy. It discusses the various conditions and reactions that are involved during its 
solidification. Some of the main phenomenon and conditions are described below.  
Figure 3-22 shows a schematic of the solidification of a multicomponent material 
undergoing phase change in a slab. This type of solidification phenomenon is analogues 
to what happens in the case of an alloy. An alloy will exhibit 3 or more phases during 
solidification and will possess a melting range instead of a melting point. Here, there is a 
solid phase, a liquid phase, and a mushy region.    
 
Figure 3-22 Solidification of an alloy in a slab [50]. 
In this process, the liquid phase and the solid phase have specific thermal and physical 
properties that vary with the change in temperature. Thus, thermal properties of the alloy 
such as specific heat c, thermal conductivity k, thermal diffusivity α etc., will vary for 
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different phases and change with temperature. Physical property such as the density ρ 
will also differ with respect to the phases involved in solidification of an alloy.  
Next, the mushy region boundaries will move with time as the phase change begins and 
the slab starts to solidify. Hence, in this case, the system will exhibit two moving 
boundaries unlike one in the case of the classical Stefan problem of solidification of a 
metal.  In Figure 3-23, it can be seen that there are two moving interfaces, yS(t1) and 
yL(t1) between the solid phase and the liquid phase [43].  
 
Figure 3-23 Solidification of an alloy [43] 
Another important factor to be taken into consideration is the change in the solute 
concentration values in the solid, mushy and the liquid regions during solidification. 
Since, the solubility of the different solute components present in an alloy vary from solid 
to liquid phase, solute is continuously being rejected into the melt as the liquid starts to 
solidify [41 and 42]. This will results in a very high level of concentration increase in the 
mushy region. This phenomenon of solute rejection can induce motion in the mushy 
phase, otherwise at rest, due to the concentration difference. Because of this reason; the 
solid/liquid mushy phase could also experience thermal convection [50]. Ultimately, 
these factors are not taken into consideration, while formulating the heat transfer 
problem. These are assumed to be constant and ignored for simplification. These will be 
discussed later in this chapter. However, it is important to know these conditions and 
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property variations so that the simplified heat transfer model used in this research study 
can be improved in the future.  
 
3.2.2.2 Problem formulation and assumptions:  
As discussed in the above section, the problem at hand can be defined as a one 
dimensional heat conduction problem with phase change involved. The mathematical 
formulation of this model needs clear specifications of the boundary conditions 
separating the two phases. This boundary moves with variations in temperature 
distribution and is initially unknown [42]. The path of this moving boundary needs to be 
traced as this would help in determining the time taken for solidification of the given 
location with known thickness.     
The most important factor to be taken into consideration in this model is the generation of 
latent heat as the liquid melt solidifies. Thus, the challenge is to find an analytical 
solution for the solidification of a finite slab with a consideration for the latent heat term 
in its solution.   
One of the common techniques used by applied mathematicians to solve for a freezing or 
a solidification problem analytically is of a constant surface temperature type. In 
defining our problem, this acts as our first boundary condition. This assumption restricts 
the problem to having a constant interface contact temperature between the mold wall 
and the metal and is valid for the case of high pressure die castings as the cooling of the 
entire instrument panel beam structure happens in a matter of seconds. The mold walls 
are made of steel and are very large in volume when compared to the cavity itself. Also, 
there are several cooling channels installed in the mold walls which maintain the mold 
wall temperature at a constant value. Under these conditions it is a safe assumption to 
keep the surface temperature constant.  
The next stage is to find a technique to determine the surface temperature which is to be 
fixed for the remainder of our solution.     
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3.2.2.3 Calculation of the surface temperature T0:  
J.H.Weiner proposed an analytical solution to predict the initial mold-metal interface 
temperature during freezing of a metal in a semi-infinite medium. Let the constant mold-
metal interface temperature be T0, for time t>0. To compute for T0, according to 
J.H.Weiner, the various temperature distributions in different phases can be calculated by 
the general equation 3.1 [43]. 
Figure 3-24 depicts the various phases and their temperature distribution curves with 
respect to space and time, for the solidification of a multi-phase material in a semi-
infinite medium.    
 
Figure 3-24 Temperature distribution in n phases for a semi-infinite slab [44] 
0( , ) ( / ) , 1,......,i i iu x t A x t B i n                           3.1 
Where u0(x, t)  is the temperature distribution function in the i
th
 phase with respect to 
space ‘x’ and time ’t’, and A and B are constants given by,  
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Thus, the temperature distribution in the mold is obtained by substituting i=0 in equation 
3.1; 
             0 1 0 0 0( , ) ( ) ( / )u x t T T x t T                                          3.4  
The temperature distribution for the first phase i=1 is given by  
1 0 1
1 0
1 1
( ) ( / )
( , )
( )
T T x t
u x t T
 
  

                                           3.5 
Here, at the boundary x=0; through energy balance we have,     
       0 0 1 1/ /k u x k u x                                                                3.6 
k0 and k1 being the thermal conductivities and α0 and α1 are the thermal diffusivity of the 
mold and the metal respectively. 
 By differentiating 3.4 and 3.5 respectively and substituting in 3.6 we get, 
0 0 1 1 1
0 1
0 0 1 1 1
( )( )
( )
k T T
T T
k k
   
    
 

                                        3.7 
Here T-1 is the temperature of the mold,   can be calculated from the transcendental 
equation 3.8, ∅ from 3.10 and   is given by equation 3.9.                                                                                                                                                                                                  
2 2 2 2
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                                     3.8 
 
1/ (2 )i i                                                                  3.9 
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65 
 
By following the above mentioned method, the constant surface temperature T0 can be 
accurately determined. 
Now that the first boundary condition is calculated, the remaining problem can be 
formulated.  
Latif and Gaye [44], analyzed the solidification and melting of a phase change material 
(PCM) with internal energy generation term for a finite slab with a symmetry condition 
along the centerline defined by (dT/dx)=0 at x=L. Although this method was proposed 
for phase change materials (PCM) like the radioactive materials with a volumetric heat 
generation term, it can be simplified to meet the needs of the problem being addressed to 
in this research study.  
 
Figure 3-25 One-dimensional phase change model [44]. 
Consider the solidification of a slab of thickness 2L which resembles the problem at 
hand. Due to symmetry the plane at the centerline of the casting is considered to be 
insulated and only one half of the slab is considered as shown in Figure 3-25. This means 
that the heat flux at the center-line is also zero. The temperature profiles generated in this 
half is going to be replicated for the second half due to the conditions of symmetry.  
The slab is initially at a temperature Ti which is above the fusion temperature of Tf. Next, 
the surfaces at x=0 and x=2L are suddenly maintained at a constant surface temperature 
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of T0<Tf. As soon as the two mediums are brought in contact, a solid-liquid interface 
appears at x=0 and travels through the liquid phase. Constant and identical properties are 
considered for both the phases for simplicity. This assumption, where ρS ≈ ρL ≈ ρ, is 
known as the Neumann solution to the Stefan Problem [41 and 42].  Also, as discussed in 
Section 3.2.2.1, any motion in the liquid phase is neglected. Therefore, the thermal and 
physical properties used for solving the following equations are considered from that of 
the solid phase. Any change in the thermal resistance at the mold metal interface due to 
shrinkage of the casting as it solidifies is also neglected. Li and Liu [49] proposed the 
effects of a change in the interfacial thermal resistance on the overall heat transfer due to 
the formation of solidification shrinkage, but it lacks substantial evidence to prove that it 
could be a significant one. Due to the very short solidification times in a high pressure die 
casting process it is a reasonable assumption to neglect this change in the interfacial 
thermal resistance effect due to shrinkage. 
The heat equation for the solid and the liquid phases are,  
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2
,0S s i
T Tq
x x
x c t
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   
 
                                                3.11 
and  
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                                                  3.12 
Where xi is the interface location in m, α is the thermal diffusivity m
2/s, q”’ is the 
volumetric heat generation term in W/m
3, ρ is the density in Kg/m3, c is the specific heat 
in J/KgK and the subscript S and L stand for solid and liquid phase, respectively.  
The boundary conditions are 
1. TS(0, t) = T0               
2. TS(xi, t) = Tf 
3. TL(xi, t) = Tf 
4. 
( , )
0L
T L t
x



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The initial conditions are; 
5. TL(x,0) = Ti 
6. Xi(0) = 0                                                                                                                           
An interface condition is calculated over a controlled volume swept by the sharp interface 
xi over a period of time t. Latent heat Lf  is evolved over this volume and hence an energy 
balance equation will result in equation 3.14.  
The interface energy equation is  
( , ) ( , )s i L i i
f
T x t T x t dx
k k L
x x dt

 
 
 
                                           3.14  
Where k is the thermal conductivity in W/mK and Lf is the latent heat of fusion in J/Kg.  
Stefan number, Ste, is defined as the ratio of the sensible heat in the system to its latent 
heat [44].  
The above equations are now represented in a non-dimensional form in the following 
relations;  
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Where Ste is the Stefan Number defined as,  
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c T T
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Substituting these non-dimensional variables into Equation 3.11 and 3.12 gives,  
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The non-dimensional transformation of the initial and the boundary conditions become, 
 
1. (0, ) 0s    
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2. ( , ) 1s i     
3. ( , ) 1L i     
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6. (0) 0   
Interface energy equation transforms into; 
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Therefore, this way of non-dimensional transformation leaves the problem dependent on 
two parameters namely the energy generation parameter, β and the Stefan number, Ste. 
  
3.2.2.4 Simplified model: The Quasi-steady approach: 
A simplification method which is extensively used in calculating the exact analytical 
solution for a variety of phase change problems is known as the quasi-steady 
approximation [46, 47]. Due to the unavailability of an exact analytical solution to the 
mathematical problem at hand, a quasi-steady state approach is adopted. Under this 
method, the transient term in the heat equation can be neglected for certain situations 
which simplify the phase change problem to a great extent.  In this model the Stefan 
number is assumed to be small compared to unity and thus the right hand side, which is 
the transient part of the non-dimensional heat equation, Equation 3.14 and Equation 3.15 
can be neglected. Therefore, the thermal effects travel with infinite speed and a steady 
state temperature distribution is reached instantaneously as the interface moves [45]. In 
practice the quasi steady state approximation is justified for Stefan number, Ste<0.1as 
very small Ste number would mean a very high latent heat of fusion value and that would 
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restrict the interface to a very slow motion [45]. The Stefan number calculated using the 
thermal variables used in this research study was found to be Ste=0.07. The 
thermodynamic variables used for calculations in this research paper are confidential. 
Hence, this calculation cannot be presented in Chapter 4 for the purpose of publication, as 
it would infringe the copyrights held by Meridian Lightweight Technology Inc., in 
sharing their intellectual data.  
Under this approximation, the equations 3.14 and 3.15 become  
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and,   
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The interface energy equation still remains unchanged in this approximation and thus 
making the temperature distribution and interface motion time dependent.   
 
Next, integrating 3.17 and 3.18 and applying the first four boundary conditions give the 
following solution. 
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The interface solution can be determined by substituting 3.19 and 3.20 in equation 3.16; 
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Integrating equation 3.21 gives; 
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Next, the problem is simplified to the case of the high pressure die cast U152 instrument 
panel beam where solidification occurs with no volumetric heat generation term q
”’
. Thus 
according to Latif and Gaye, this would be the limiting case where  =0.  
Implementing this condition in equation 3.22 we get, 
                                                 
0 2i                                                                 3.23 
Where, 0
i is the interface solution for zero energy generation.  
 
Thus the solution takes the form:  
 
( , ) ,0S i i
i

    

  
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And   the temperature distribution of the liquid phase becomes, 
( , ) 1, 1L i i      
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, 1L f iT T                                                     3.25 
Using this exact analytical solution, the temperature distribution through the thickness of 
the casting of the U152 beam can be computed. Here, the liquid phase remains at the 
fusion temperature until the interface propagates completely to the center-line of the 
casting and the entire liquid melt is solidified. This assumption is valid as we are 
interested in the temperature distribution of the solid region only, to compute the skin 
thickness of the various sections of the U152 casting. Also, the heat transfer effects from 
cooling of the liquid region for such short time periods are very small. Therefore, they 
can be neglected.   
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4 RESULTS AND DISCUSSIONS 
This chapter discusses the analysis of various process variables involved in the process of 
high pressure die castings and their calculations involved. Furthermore, this chapter also 
discusses the process-structure relationships involved in developing a mathematical 
model to establish a relationship between the grain size and the cooling rate from a 
variety of data points obtained from two extreme casting techniques. Next, it shows the 
calculations involved in predicting the constant surface temperature T0, discussed in 
Chapter 3, which is later used to compute the temperature distribution through the 
thickness of the casting. Finally, the cooling curves obtained via the heat transfer model 
used in Chapter 3 are used to find the extent of skin thickness formed in the 17 different 
locations in the instrument panel beam casting. The cooling rates obtained by the one 
dimensional heat transfer model is then substituted in the mathematical relationship 
developed between the grain diameter and the cooling rate, to estimate the grain size 
distribution from the mold wall towards the center of the casting. This chapter finally 
concludes by comparing the core and skin grain size values obtained in this chapter with 
those of the findings of J.P.Weiler et, al. 
4.1 Analysis of process variables 
It is very important to control the process parameters effectively as it leads to improved 
solidification microstructure and properties in a casting.  This particular section of the 
chapter talks about a numerical method used to calculate the process variable R, called 
the rate of cooling, in a section of the casting.  
4.1.1 Determination of the cooling rate “R” 
Under this section, a step by step procedure to calculate the cooling rate values for all the 
17 control point locations is described. The data tables involving temperature values at 
discrete time intervals were obtained from Meridian Lightweight Technologies Inc., who 
used the MAGMASoft simulation software for the above mentioned 17 control points. 
73 
 
Steps involved in calculation of the numerical cooling rate Rnum (µm) 
1. Using MAGMASoft simulation data obtained from Meridian Lightweight 
Technologies Inc., plots of temperature versus time were drawn ranging from the 
initial liquid melt temperature to the eutectic temperature of 435°C, where the 
solidification of AM60B alloy is said to be complete. These data points were then 
fit into an empirical equation. 
2. The numerical values of the cooling rate can be obtained by calculating the local 
cooling rate from the temperature-time data, using the following equation:  
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                                                            4.1  
 
3. These values of the cooling rates, Rnum can be plotted for all the 17 locations 
throughout the casting.  
 
The numerical cooling rate values are given in the following table along with their 
average core grain diameter values obtained from J.P.Weiler [26]. 
Table 4-1 Numerical cooling rate values (Rnum) for the 17 locations throughout the 
casting along with their average core grain diameter values 
Location 
Rnum 
(°C/s) 
Average Core Grain 
Diameter (µm) 
7 222 13.07 
8 162 13.31 
10 105 14.97 
11 146 13.42 
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It is important to note that the control point locations 9 form the initially chosen 17 
control points could not be included for further analysis as its grain diameter (G.D) could 
not be calculated because the size of the coupon cut for tensile testing was very small 
[26].  
4.1.2 Analysis of cooling rate “R” 
In this section, the cooling rate and its associated grain diameter are analyzed. A 
relationship between the two will determine the outcome of the latter half of this research 
paper.  
20 186 13.3 
28 187 14.29 
30 58 13.34 
35 182 12.6 
42 140 14.34 
43 210 13.4 
47 83 15.79 
48 59 12.61 
50 134 13.06 
51 55 13.84 
53 122 13.41 
56 175 14.58 
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4.1.2.1 Generalized cooling rate (R) versus grain diameter (G.D) 
relationship for sand casting and H.P.D.C 
Under this heading, the relationship between the grain diameter (G.D) in µm and the 
cooling rate (R) in °C/s, is established over a wider cooling range. Here the types of 
casting techniques used are sand casting and high pressure die casting (H.P.D.C). The 
sand casting cooling rates and grain diameter data are taken from I.Basu’s experiments 
and is mentioned in Chapter 2 and the data is presented in table 2.2 [6].  
The G.D∝Rn, equation obtained in this analysis adds more credibility as it expands over 
a wider range of cooling curves. Therefore, using this equation we can find out the 
average grain size value of any casting technique which falls in between this cooling 
range.     
In Figure 4-1, the cooling rate and the grain diameter relationship is established from the 
data belonging to H.P.D.C and sand casting processes. The relationship between the two 
is established in the form of a power equation. 
This is given as, 
G.D = 59R
-0.303
                                                 4.2 
 
Where, G.D in µm and the cooling rate R in °C/s. Hence, if the cooling rate of a casting 
process is known then the corresponding average grain size can be calculated.  Equation 
4.2 will be utilized later in the chapter to determine a key feature of this research study, 
the skin thickness value in a casting.   
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Figure 4-1 Relationship between the cooling rate (R) and its grain diameter (G.D) for 
sand casting and high pressure die casting with a 5% error 
In equation 4.2, G.D is the grain diameter in µm and R is the cooling rate in °C/s. The 
effect of cooling rate on grain size is described in Chapter 2. This relationship is similar 
to the one described by Pryds et.al [40] and Umemoto et.a [39]. The increase in the 
cooling rate value leads to a significant reduction in solidification time. This process 
consequently leads to an increase in the grain density. When the cooling rate and the 
gradient values are subsequently large, the rate of heat extraction is very high. This 
results in a drastic reduction in the melt temperatures at a rate, higher than the 
transformation at equilibrium [6]. Hence, this gives rise to rapid nucleation, leading to 
smaller grain sizes [6].  
Using equation 4.2 we can calculate the grain diameter for any cooling rate falling in 
between 1°C/s and 222°C/s. 
As mentioned earlier in the previous chapters, there were initially 26 control points and 
17 of them gave acceptable results from the MAGMASoft simulation run. However, only 
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16 locations could be utilized from the H.P.D.C along with the sand casting data for 
establishing the relationship between the grain diameter (G.D) and the cooling rate (R). 
This was due to the fact that the grain diameter value was missing for location 9 as the 
test coupon used for this location was too small to be subjected to tensile and hardness 
testing.  
Equation 4.2 now provides a mathematical model which can be used to find the grain 
diameter of location 9 in the casting. The cooling rate of location 9 is known from the 
temperature time data obtained from Meridian using MAGMASoft.    
Thus, using equation 4.2, the grain diameter for location 9 (R= 149°C/s) is found to be 
13.1 µm  
 
4.2 Determination of the constant surface temperature T0 for the 
exact analytical solution to the one dimensional heat transfer 
problem: 
In Chapter 3 the method of calculation of the constant surface temperature is clearly 
described.  
An important assumption in this calculation is the temperature of the liquid phase TL. The 
exact analytical solution described in Chapter 3 is mainly designed for a two phase 
system. However, in U152 instrument panel beam casting the alloy AM60B has more 
than two phases. This is discussed in detail in section 3.2.2.1. Thus, a two phase approach 
is applied to the solidification of an alloy for simplifying the problem formulation. 
However, alloys have a melting range rather than a melting point. Therefore, in order to 
construct the problem in a way to match the exact analytical solution described in 
Chapter 3, a value near the average of the liquidus (615°C) and the solidus (565°C) 
temperatures for the alloy AM60B is chosen as TL. Hence, this value is calculated to be 
590°C, which is set as the temperature of the liquid in the cavity. This temperature of 
590°C remains unchanged for the liquid phase throughout the solution of the problem, 
given by equation 3.24.   
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The parameters used in Equation 3.7 needs to be defined before proceeding with the 
calculations. However, the data provided by Meridian Lightweight Technologies Inc., 
cannot be published due to copyright infringement issues. Therefore, the thermodynamic 
variables like the thermal conductivity “k”, the specific heat “c” and thermal diffusivity 
“α” of the mold and the alloy cannot be shown in this chapter. Hence, in the following, 
only the temperature of the mold T-1 and the liquid melt T1 is shown to predict the surface 
temperature proposed by J.Weiner [43].  
Therefore, T1= 590°C and T-1= 260°C. 
Where T1, T-1 are the temperatures, α1 and α0 are the thermal diffusivity values and K1 
and K0 are the thermal conductivity values of the liquid in the cavity and the die 
respectively.  
Hence from Section 3.2.2.2, after solving for the transcendental equation 3.8 we get a 
value of, γ1 =0.98. 
Thus, by using equations 3.9 and 3.10 and substituting in equation 3.7 we get,  
0 426T C   
 
4.3 Temperature-time distribution in a location of the 
casting 
The following figures represent the temperature time profiles obtained from the one 
dimensional heat transfer model described in Chapter 3 under Section 3.2. Figure 4.26 to 
4-31 represent the temperature distribution with respect to time for location 7, 43 and 47. 
These will be used later in this chapter to calculate the localized cooling rate and 
eventually the skin thickness of the casting.  
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Figure 4-2 Temperature distribution with time for location 7, TL constant method. 
 
Figure 4-3 Temperature distribution with time for location 7, TL variable method. 
400
425
450
475
500
525
550
575
600
625
650
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014
Te
m
p
e
ra
tu
re
 °
C
 
Distance x (mm) 
7 TL constant  0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
0.22
0.24
0.26
0.28
0.3
400
425
450
475
500
525
550
575
600
625
650
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014
Te
m
p
e
ra
tu
re
 °
C
 
Distance x (mm) 
7 TL Variable  0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
0.22
0.24
0.26
0.28
0.3
80 
 
 
Figure 4-4 Temperature distribution with time for location 43, TL constant method. 
 
Figure 4-5 Temperature distribution with time for location 43, TL variable method. 
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Figure 4-6 Temperature distribution with time for location 47, TL constant method. 
 
Figure 4-7 Temperature distribution with time for location 47, TL variable method. 
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4.4 Determination of the Skin thickness of a section in the casting 
After developing a mathematical model to predict the average grain size values of any 
casting technique with a cooling rate value falling in between the range shown in the 
above sections, the next and final task involves predicting the extent of skin thickness 
formation in a desired location of the casting.  
This following are the steps used to accomplish the above mentioned goal:  
  
1. The temperature distribution along the thickness of the casting are calculated using the 
one dimensional heat transfer model described in Chapter 3. Furthermore, cooling 
rates with incremental distance along the thickness of a section of the casting is 
calculated using the method described in section 4.1.1.  Different sections in the 
castings will experience different cooling rates depending upon the thickness of the 
locations. Figure 4-7 shows pictorially how the cooling rate is calculated at 0.0009 m 
distance from the mold wall into the casting for location 47 under the TL variable 
Method. It shows the different cooling rates, R1, R2, R3 etc., calculated at different 
time increments at the same distance x and finally an average cooling rate is 
considered at that point. Similar approach is taken for the TL constant method as well. 
 
Figure 4-8 Cooling rate calculation for location 47 under the TL variable method. 
83 
 
2. J.P.Weiler et.al, introduced a method to experimentally determine the skin thickness 
value in the section of a casting. He proposed that, the transition in which the skin 
region ceases to exist and the core region stars to appear, happens around a 
“threshold” or “critical” skin grain size value of 10 µm ~11µm [27]. Now, Equation 
4.2 can be used to find out the cooling rate value corresponding to the threshold skin 
grain diameter of the casting, where it is believed that the core region starts to develop. 
The lower limit of the threshold skin grain size value of ~10 µm is considered for 
calculating the threshold cooling rate in this research study. This threshold or critical 
cooling rate (R) value was found to be 355 °C/s. 
 
3. Next, the threshold cooling rate value found using equation 4.2 is plotted on the graph 
along with the cooling rates and its distance from the center of the casting. The point 
at which this threshold cooling rate straight line intersects with the cooling rate curves 
for the individual locations in the casting, will give the thickness of the skin region in 
that section. This is computed for every location selected in the casting and this is 
called a constant TL approach. These values are plotted in the form of graphs showing 
the skin thickness formed for every location in the casting.    
 
4. Next, the skin thickness values are computed via the one dimensional heat transfer 
model and by using the MAGMASoft centerline temperature as TL with respect to 
time increments. If recalled, for simplicity the temperature of the liquid phase was 
maintained constant throughout the process of cooling. Hence, for this assumption, TL 
is no longer a constant value anymore. This liquid phase temperature TL is therefore 
subjected to variations with time corresponding to the values obtained from 
MAGMASoft centerline liquid phase temperature–time data. This is named as the 
variable TL approach. These values are plotted in the following figures 4-2 to 4-8 and 
the skin thickness formed is shown clearly.  
 
5. Finally, the skin thickness values obtained by the two assumptions, namely, a) 
constant TL and b) variable TL are compared with the experimental skin thickness 
values found by J.P.Weiler [27]. As mentioned in Section 2.7, J.P.Weiler et. al, 
84 
 
determined the skin thickness of six different locations in the U152 casting. Two out 
of those six locations selected by J.P.Weiler [27], match the locations from this 
research study. They are location 7 and location 43 respectively. This comparison will 
give a better understanding of the effect of the liquid phase temperature variations 
over the formation of the skin thickness and out of the two assumptions made, which 
one matches closely to the two experimental values available.       
 
The following figures show the skin thickness plots for the different locations in the 
casting.  
Fig 4-2 to 4-8 shows the critical cooling rate and the cooling rate through the thickness of 
the casting. The point of intersection between the two cooling rates determines the skin 
thickness formed in that location of the casting.  
These cooling rates range from an average of 8000°C /s near the mold wall to 1°C /s near 
the center line of the casting for all the 17 locations. Because this cooling range is very 
high, the following graphs have been magnified to show the effective cooling range (0 °C/s 
to 1000°C/s) used to locate the skin thickness in the casting. The figures with a blue curve 
represent the calculations involving a constant TL, while the ones depicting a black curve 
represents the calculations using a variable TL. The blue and the black curves represent the 
cooling rates along the thickness of the casting, while the red line indicates the critical 
cooling rate of 355°C/s. 
 
Only locations 7, 8, 9, 10, 43, 47 and 50 are shown in the figures below. The curves for the 
remaining locations can be found in Appendix B. 
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Figure 4-9 Location 7, Skin thickness values for (a) TL constant and (b) TL variable 
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Figure 4-10 Location 8, Skin thickness values for (a) TL constant and (b) TL variable 
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Figure 4-11 Location 9, Skin thickness values for (a) TL constant and (b) TL variable 
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Figure 4-12 Location 10, Skin thickness values for (a) TL constant and (b) TL variable 
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Figure 4-13 Location 43, Skin thickness values for (a) TL constant and (b) TL variable 
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Figure 4-14 Location 47, Skin thickness values for (a) TL constant and (b) TL variable 
0
100
200
300
400
500
600
700
800
900
1000
0 0.0005 0.001 0.0015 0.002 0.0025 0.003
C
o
o
lin
g 
ra
te
  °
C
/s
 
distance x in m 
47 
R47
critical rate
0
100
200
300
400
500
600
700
800
900
1000
0 0.0005 0.001 0.0015 0.002 0.0025 0.003
C
o
o
lin
g 
ra
te
 °
C
/s
 
distance x in m 
47 
R47
critical rate
91 
 
 
 
Figure 4-15 Location 50, Skin thickness values for (a) TL constant and (b) TL variable 
The Following table shows the different locations in the casting and their respective skin 
thickness values calculated using the TL constant and the TL variable method.  
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Table 4-2 The 17 locations in the casting along with their calculated skin thickness 
values in micro meters (µm) 
S. No Location in the 
casting 
Skin Thickness in µm 
TL 
constant 
TL 
variable 
 
1 7 870 1050 
2 8 610 1160 
3 9 520 1080 
4 10 590 980 
5 11 670 1010 
6 20 850 1130 
7 28 640 1100 
8 30 470 590 
9 35 730 1100 
10 42 470 750 
11 43 860 1000 
12 47 470 530 
13 48 470 520 
14 50 500 1000 
15 51 470 560 
16 53 430 970 
17 56 860 1040 
 
From Table 4-2 and the figures 4-2 to 4-8, it can be concluded that the two methods used 
to calculate the cooling rates from the mold wall to the centerline of the casting, give 
results that are somewhat equivalent when looked at the thicker sections of the casting, 
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while the skin thickness values obtained for the thinner sections of the casting are 
unalike. 
For example, location 7, 8, 9, 10 and 50 are some of the thinnest sections in the U152 
casting. It can be seen from their respective figures and Table 4-2, that the skin thickness 
values calculated using the two different approaches are far apart. This is due to the fact 
that when the temperature of the liquid phase is lowered with time, there is less heat 
available in the system to be extracted over the same thickness, which is performed in 
much shorter time periods. This greatly reduces the overall solidification time of that 
section of the casting. Therefore, the cooling rates in these locations corresponding to the 
variable TL method will be much larger than that obtained with a constant TL approach 
which is set at its fusion temperature of Tf. Due to this reason; the TL variable method 
will result in a greater skin thickness region than the TL constant approach.  
On the contrary, for the thicker locations of the casting such as, location 47 and 48, the 
skin thickness values are only ~50µm apart. This is because, in thicker sections of the 
casting, the center-line temperatures in the TL variable method drops in slower fashion 
when compared to the thinner sections. Thus, there is almost the same amount of heat 
available in the system to be extracted over the casting thickness. This results in slower 
solidification times and similar cooling rates for both approaches. Also, the cooling rates 
are very high near the mold walls and gradually decrease when moving towards the 
center of the casting. Therefore, from figure 4-7 it can be seen that the cooling curves for 
both approaches start to show the same behavior near a cooling rate value of 500°C/s. 
Since, the rate of heat extraction in the thicker sections are much slower than the thinner 
sections, these two approaches give comparable results.  
J.P.Weiler et. al [27], measured grain sizes for 6 different locations in the U152 casting, 
which matched 2 locations chosen in this research study, namely 7 and 43. These values 
were found to be approximately 550 and 600 µm [27]. Hence, from Table 4-2 it can be 
seen that the heat transfer model used with the constant TL gave a skin thickness value of 
870 and 860µm which is closer to the experimental findings of J.P.Weiler et, al. The 
values given by the heat transfer model used with the variable TL method were calculated 
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to be 1100 and 1000 µm. Therefore, it can be said that the assumption where the 
MAGMASoft center-line temperature data was used as the value for TL, had a poor 
correlation to the experimentally measured values. .   
From Figure 3-13 it can be seen that location 7 has no specific solidification condition, 
and the reason for the variations in the skin thickness values between the experimental 
and the one dimensional heat transfer model may be simply because of the assumptions 
made in formulating its analytical solution. However, location 43 is the last to fill region 
and is expected to have high porosity values. This is due to the fact that being the last to 
fill location; the liquid front brings along with itself the gas pores from all the different 
sections of the casting to the last to fill location of 43. Therefore, even though this 
location is very thin and must exhibit high heat extraction rates, the gas pores may act as 
a barrier to the conductive heat transfer and may result in lower cooling rates and smaller 
skin thickness values. It is also possible that during the measurement of the skin 
thickness, the gas pores at location 43 might have influenced an error in work of 
J.P.Weiler.  
From this section, it can be inferred that the temperature of the liquid phase can be kept 
constant for simplification of the heat transfer problem and skin thickness values can be 
approximately predicted.  A more thorough investigation needs to be performed to 
accurately estimate the change in the temperature of the liquid phase during its 
solidification. Currently, we do not have an exact measure of the change in temperature 
values along the thickness of the casting and using these assumptions in heat transfer 
model gives us the best approximated results. However, for future studies, thermocouples 
could be installed in the mold cavity of the H.P.D.C, to record the changes in its 
temperature while solidification proceeds. This would permit a validation of the current 
modeling approach and the assumptions made. 
 
4.5 Average skin and average core grain size measurements:   
In this section the mathematical model of Equation 4.2 involving the relationship 
between the grain diameter and its cooling rate is used to predict the grain diameter 
95 
 
through the thickness of the casting in a location. As discussed in Section 4.3, the area 
under the graphs with a grain diameter <10µm is called the skin region and the region in 
the casting thickness with the grain diameter >10 µm is called the core region. The 
cooling rates used to compute these grain diameter values are calculated using the one 
dimensional heat transfer model with a constant TL approach, described in Chapter 3. In 
the graphs below, Figure 4-9 to 4-16, represent the grain diameter values from the mold 
wall to the center of the casting thickness in 17 locations. The remaining figures of the 
other location in the casting can be found in Appendix C.  
Figure 4-16 and 4-17 show the average core and skin grain size values plotted against the 
ones which were measured experimentally by J.P.Weiler [27]. 
 
Figure 4-16 Location 10, grain diameter in µm along the thickness of the casting 
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Figure 4-17 Location 28, grain diameter in µm along the thickness of the casting 
 
Figure 4-18 Location 30, grain diameter in µm along the thickness of the casting 
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Figure 4-19 Location 43, grain diameter in µm along the thickness of the casting 
 
Figure 4-20 Location 47, grain diameter in µm along the thickness of the casting 
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Figure 4-21 Location 48, grain diameter in µm along the thickness of the casting 
 
Figure 4-22 Location 50, grain diameter in µm along the thickness of the casting 
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Figure 4-23 Average core grain size distribution in the 17 locations of the U152 casting. 
(a) Experimental and (b) calculated using G.D = 59R
-0.303
 
 
Figure 4-24 Average skin grain size distribution in the 17 locations of the U152 casting. 
(a) Experimental and (b) calculated using G.D = 59R
-0.303
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Table 4-3 Average skin and average core grain diameter values (a) calculated using 
Equation 4.2 and (b) measured experimentally by J.P.Weiler [27] 
Location in 
the casting 
 
Average core grain diameter in 
µm 
 
Average skin grain diameter 
in µm 
 
(a)  
Experimental 
(b) 
G.D = 59.244R
-0.303
                                                  
(a)  
Experimental 
(b) 
G.D = 59.244R
-0.303
                                                  
7 13 16.4 4.5 8.2 
8 13.3 14.7 5.3 7.9 
9 N/A* 13.8 N/A* 7.5 
10 14.9 14.9 6 7.7 
11 13.4 15.8 5.8 8.2 
20 13.3 14.9 6.2 8.1 
28 14.2 15.5 5.8 7.7 
30 13.3 17.1 7.2 7.3 
35 12.6 16.1 4.6 8.2 
42 14.3 17.9 5.8 7.3 
43 13.4 15.9 7 8.1 
47 15.7 20 7.7 7.2 
48 12.6 19.5 7.5 7.3 
50 13 16.2 7.5 7.4 
51 13.8 17.1 6 7.4 
53 13.4 16.4 4.1 7.3 
56 14.5 15.9 6.2 8.2 
* The average skin and core grain diameter values for location 9 are unavailable because 
the coupon sample prepared during J.P.Weiler’s research work for this location was too 
small to be subjected to tensile and hardness testing.   
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Table 4-3 shows the difference between average core and the average skin region grain 
diameters, (a) measured experimentally and (b) calculated using Equation 4.2.                     
From Table 4-3, it can be seen that location 10 shows an excellent overlap with the 
average core grain diameter values between (a) and (b) and a good resemblance with the 
average skin grain diameter values. This is a location with no specific solidification 
conditions and thus gives very good results. This is due to the fact that no solidification 
or casting conditions effect the cooling of this section of the casting. Location 56 shows a 
very good resemblance with the average core grain size value whereas, locations 30, 47, 
48 and 50 show almost identical values to the average skin grain diameter.  
However, some of the locations in the casting did not match very well with those 
measured experimentally. The reasons are given below. 
Location 28 is a close to ingate position. The velocity at which the melt enters the mold is 
very high for a H.P.D.C. As soon as the molten liquid makes contact with the cold mold 
walls at the ingate, skin grains start to solidify on the mold walls. But due to very high 
pressures from the liquid entering the casting, these skin grains are broken up and sent 
into the casting as inclusions. This is one of the reasons why the experimental grain 
diameter data did not match well with the heat transfer model used in this study. Despite 
this effect, the average core and skin grain diameters in Table 4-3 are not very far apart. 
As discussed earlier in this chapter, Location 43 is a last to fill location. Therefore, the 
gas pore inclusions in this location can influence the average grain diameter. As 
discussed earlier in Chapter 2, skin regions are usually free of gas pores, inclusions and 
defects. Hence, if there are any gas pores and inclusions present in the casting they are 
found primarily in the core region of the casting. Therefore, due to this reason the 
average core grain diameter values calculated by J.P.Weiler were much lower than the 
one predicted by the one dimensional heat transfer model, as it doesn’t incorporate gas 
pores in its formulation.  
The reason why location 47 and 48 did not give good average core grain size results is 
because they are the last to solidify locations in the casting. Last to solidify locations 
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usually have dendrites formed in the core region of the casting and this can influence the 
size of the core grain diameter. Since, the heat transfer model doesn’t account for 
dendrite formations; it was not able to incorporate this effect in its results. Hence, the 
core grain diameter values were very large when compared to the experimental core grain 
diameter values found in the results obtained from J.P.Weiler.    
Finally, Location 50 is a knit line location. Knit lines are the region in a casting where 
two fluid streams coming from different directions meet. Hence, the fluid fronts of both 
the streams carry forward gas pores and inclusions to the area where they meet. Figure 3-
16 shows an x-ray topographic image of the location 50. It was found that this location 
has the highest volume of gas pores in the casting. This is the reason why, in Table 4-3 it 
can be seen that Location 50 shows a very good similarity in its skin thickness value but 
the experimental average core diameter value is lower than the one predicted through the 
heat transfer model. As mentioned in the earlier sections, gas pores tend to form mainly 
in the core of the castings, thereby reducing the size of the core grain diameter.     
Thus, from Figure 4-16 and Figure 4-17, it can be seen that the results obtained for the 
remaining 17 locations, from the mathematical relationship of Equation 4.2, are found to 
be in the vicinity of the ones measured experimentally. Figure 4-16 and 4-17 show great 
potential in the fact that the hypothesis proposed in this study is not very far apart from 
what happens in the real castings.  
Hence, from this chapter, it can be said that the mathematical relationship between the 
grain diameter and the cooling rate at any point in the thickness of the casting, given by 
Equation 4.2, provides a great framework for the calculations of skin thickness and the 
grain size distribution. If the mathematical relationship of Equation 4-2 can be improved 
by incorporating more number of data points from different casting techniques, then it 
could give favorable results. Also, there is room for improvement in the formulation of 
the one dimensional heat transfer model and it can be enhanced further to incorporate 
several other variables. Conditions like, multiphase solidification and phase specific 
properties (k, α, ρ) can be included in future studies to make the one dimensional heat 
transfer model more accurate.  
103 
 
As discussed in Chapter 2, skin thickness in a casting contributes to improved yield 
strength. Thus, once the skin thickness can be estimated perfectly, the strength of the 
casting can be determined from J.P.Weiler’s model [27]. Similarly, predicting the 
accurate grain size distribution can help in determining the ductility of the casting 
effectively. Hence, the two most important parameters responsible for superior 
mechanical properties in a casting, namely strength and ductility, can now be estimated.  
Therefore, this chapter provides a comprehensive method to evaluate skin thickness and 
the grain size distribution along the thickness of a casting for a high pressure die casting 
process. This technique can be used in any casting process involving different rates of 
cooling.  
 
4.6 Summary 
In this chapter, a mathematical relationship between the grain diameter and the cooling 
rate over a range of 1°C/s to 222°C/s was successfully established. The calculations 
regarding the computation of the constant surface temperature T0, discussed in Chapter 3, 
was carried out. An exact analytical solution to the Stefan problem for a finite slab was 
used in one dimension to predict the heat transfer during the solidification of the molten 
metal in 17 different locations of an H.P.D.C. The cooling curves obtained from the one 
dimensional heat transfer model used, were utilized to calculate the grain size distribution 
in a location of the H.P.D.C. These results were then compared with the average core and 
skin grain diameter values from the findings of J.P.Weiler. Explanations were provided 
for the locations which showed good similarity between the experimental and predicted 
grain diameter values and also for the ones which did not show a good resemblance 
between the two. 
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5 CONCLUSION AND FUTURE WORK 
The goal of this research, reported in this study is to characterize the effects of 
solidification conditions on the resulting grain size distribution in magnesium alloy 
castings.   
There were three main objectives in this research study. Firstly, to characterized the 
relation between the grain diameter (G.D) and its cooling rate (R) by analyzing the data 
obtained from two different casting processes namely, H.P.D.C and sand casting. 
Secondly, to implement an exact analytical solution to the solidification of an alloy in a 
finite slab. This would enable the calculation of temperature distribution with respect to 
time in any section of a casting. And finally, to assembled these two relations to predict 
the grain size distribution through the thickness of a thin walled casting based on its 
casting conditions 
This chapter summarizes all the important results and relations obtained from Chapter 3 
and 4 of this thesis and how the above mentioned objectives were achieved. It also 
presents the important conclusions of this research and discusses the scope for future 
work regarding the framework provided in this study.   
5.1 Control point selection and analysis of MAGMASoft simulation 
data:  
1) Seventeen unique locations were selected from a U152 instrument panel beam casting 
manufactured by Meridian Lightweight technologies Inc., using a high pressure die 
casting technique. These locations were then used as control points by Meridian, who 
ran a MAGMASoft simulation predefined parameters.  
2) The results obtained from Meridian were analyzed and the cooling rates were 
calculated for the 17 locations using the method described in Section 4.1.1.  
5.2 Analysis of process variables 
1) A numerical approach was adopted and a time averaged numerical cooling rate value 
Rnum was determined for the 17 control points.  
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2) Next a generalised relationship between the grain size (µm) and the cooling rate Rnum 
(°C/s) was developed in the form of a mathematical model. This was accomplished 
with the help of the data obtained from two extreme cooling processes namely sand 
casting, performed by I.Basu and the high pressure die casting data obtained from 
Meridian.  
This relationship is given by Equation 4.2 as; 
 
0.303. 59G D R   
 
5.3 Heat transfer model      
An exact analytical solution to the Stefan problem in one dimension was implemented to 
compute the heat transfer in a finite slab during solidification of a molten alloy in the 
H.P.D.C.   
1) The analytical solution provided by J.H.Weiner [43] was utilised to predict the 
constant surface temperature T0. This was set as the boundary condition for the heat 
transfer problem and its value was computed to be 426°C. The temperature of the 
liquid phase TL was set to a constant value of its fusion temperature Tf = 590°C.  
2) This heat transfer model was then used to plot the temperature distribution with 
respect to time for the 17 selected locations in the instrument panel beam casting. 
3) Next, the calculations involving the prediction of skin thickness formation in a 
section of the casting was performed. This was based on the theory published by Dr. 
J.P.Weiler in his research works. According to Dr. Weiler’s theory, the skin region 
ceases to exist at a threshold grain size value of 10µm ~ 11 µm.  
In this technique, cooling rate versus the distance from the center-line of the casting 
was plotted from the one dimensional heat transfer model used earlier in this research 
study, for the 17 locations in the casting. Next, using Equation 4.2 the threshold 
cooling rate RTh or the critical cooling rate value for a grain size of ~10 µm was 
determined. Hence the critical cooling rate was calculated to be 355°C/s. The 
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intersection between the threshold cooling rate value and the cooling curves obtained 
from the one dimensional heat transfer model would give the skin thickness values at 
a distance from the mold wall of the casting, in each of these 17 locations. 
4) In another assumption, the temperature of the liquid phase was set to the variations 
with time. Thus, the temperature corresponding to the MAGMASoft temperature time 
results along the centerline of the casting with the increment in time was used. This 
method was called the TL variable method and the one with a constant liquid phase 
temperature was named as a TL constant method. 
 
5.4 Predicting the grain size distribution in a casting 
1) The skin thickness values were predicted using the two techniques discussed in 
section 5.3 and compared with the experimental data available for the two locations 
which matched from the work of J.P.Weiler. It was concluded that the method with 
constant TL gave more favourable results than the variable TL ones. Reasons were 
provided for the same.    
2) Finally, the mathematical model of Equation 4-2 and the exact analytical solution to 
one dimensional heat transfer was used to predict the grain size distribution in the 17 
locations of the H.P.D.C. These values were compared with the ones experimentally 
measured by J.P.Weiler. Some locations showed exact resemblance and some other 
locations showed an inconsistency. This behaviour was explained depending on the 
location of the casting. It was finally concluded that any irregularities found were 
due to the effects of the solidification and casting conditions, which were influencing 
the heat transfer in the section of the casting and its resulting microstructure.   
3) Hence, a framework was successfully provided in Chapter 4 to calculate the grain 
size distribution in the section of a H.P.D.C and this hypothesis can be utilized for 
any casting technique falling in the cooling range of 1°C/s to 222°C/s.  
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5.5     Future work 
1) The mathematical model of Equation 4.2 was derived from the data analysis of 
two extreme forms of solidification processes. The cooling rates data utilized to 
develop this relationship ranged from 1°C/s to 15°C/s for sand castings and 
55°C/s to 222°C/s for high pressure die castings. Hence, this model can be greatly 
improved if additional data points can be acquired from other casting processes 
occurring in between the cooling rate values mentioned above. A typical example 
of these types of processes could be DSC, low pressure die castings, etc.  
2) The one dimensional heat transfer model used in this study to calculate the 
temperature distributions with respect to time can be enhanced. The assumptions 
made in this thesis were to simplify a very complex problem of solidification 
involving phase changes. This was done to provide a framework to calculate the 
grain size distribution in the castings. This design could be perfected by 
incorporating multiple moving boundaries to compliment the multiple phases 
present in an alloy and to predict the temperature distribution of an alloy. The 
thermal and physical properties were assumed constant for simplification. Thus, 
the phase specific thermal properties could be used in a more sophisticated heat 
transfer model and the resulting concentration variations during solidification can 
be included in formulating the problem and finding its solution.  
3) A constant surface temperature approach, as the boundary condition for the heat 
transfer problem was used to solve the problem analytically. Although, the T0 
value is not expected to change for a particular location during the solidification 
of an H.P.D.C, its value may vary from one location to another in the entire 
casting. Hence, there lies a need to investigate for the location specific T0 values 
in a casting.    
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APPENDICES 
APPENDIX A: Coordinates at the centerline of the casting for the twenty six 
control points 
Location in the 
instrument panel 
beam 
Coordinates at the centerline of the 
casting  
x y z 
 
 
7 2282.851 627.1964 1140.72 
8 2312.579 574.214 1221.974 
9 2310.672 321.5268 122.052 
10 2121.346 671.5362 1102.416 
11 2232.37 0.071068 1252.292 
12 2175.901 -372.916 1015.877 
17 2110.14 -334.376 1284.068 
19 2108.771 -431.229 1284.14 
20 2143.871 -600.4 1271.635 
21 2132.288 -600.41 1272.247 
25 2197.85 -605.992 1114.782 
27 2121.447 -674.15 1084.759 
28 2103.965 -207.33 1291.869 
29 2183.999 702.4488 1037.545 
30 2117.712 671.3418 1216.952 
35 2088.734 -8.05465 1315.402 
38 2176.111 -405.054 1265.532 
42 2153.241 -230.973 1074.734 
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43 2326.428 303.8134 1189.434 
45 2118.803 -289.967 1181.375 
47 2045.99 -451.085 1204.568 
48 2190.021 -688.245 1186.881 
50 2089.552 67.10796 1315.33 
51 2094.916 -484.243 1190.361 
53 2183.489 427.7676 1009.866 
56 2079.586 271.0252 1291.477 
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APPENDIX B Skin thickness values for (a) TL (constant) and (b) TL (variable) 
 
 
Figure B.1 Location 11, Skin thickness values for (a) TL constant and (b) TL variable 
0
100
200
300
400
500
600
700
800
900
1000
0 0.0005 0.001 0.0015 0.002
C
o
o
lin
g 
R
at
e
 R
 (
°C
/s
) 
 
distance in m 
11 
R11
critical rate
0
100
200
300
400
500
600
700
800
900
1000
0 0.0005 0.001 0.0015 0.002
C
o
o
lin
g 
R
at
e
 R
 (
°C
/s
) 
 
distance in m 
11 
R11
critical rate
115 
 
 
 
 
Figure B.2 Location 20, Skin thickness values for (a) TL constant and (b) TL variable 
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Figure B.3 Location 28, Skin thickness values for (a) TL constant and (b) TL variable 
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Figure B.4 Location 30, Skin thickness values for (a) TL constant and (b) TL variable 
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Figure B.5 Location 35, Skin thickness values for (a) TL constant and (b) TL variable 
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Figure B.6 Location 42, Skin thickness values for (a) TL constant and (b) TL variable 
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Figure B.7 Location 48, Skin thickness values for (a) TL constant and (b) TL variable 
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Figure B.8 Location 51, Skin thickness values for (a) TL constant and (b) TL variable 
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Figure B.9 Location 53, Skin thickness values for (a) TL constant and (b) TL variable 
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Figure B.10 Location 56, Skin thickness values for (a) TL constant and (b) TL 
variable 
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APPENDIX C: Grain size distribution in a location of the casting 
 
Figure C.1 Location 7, grain diameter in µm along the thickness of the casting 
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Figure C.2 Location 8, grain diameter in µm along the thickness of the casting 
 
Figure C.3 Location 9, grain diameter in µm along the thickness of the casting 
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Figure C.4 Location 11, grain diameter in µm along the thickness of the casting 
 
Figure C.5 Location 20, grain diameter in µm along the thickness of the casting 
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Figure C.6 Location 35, grain diameter in µm along the thickness of the casting 
 
Figure C.7 Location 42, grain diameter in µm along the thickness of the casting 
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Figure C.8 Location 51, grain diameter in µm along the thickness of the casting 
 
Figure C.9 Location 53, grain diameter in µm along the thickness of the casting 
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Figure C.10 Location 56, grain diameter in µm along the thickness of the casting 
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